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Abstract-Telencephalic cortex in turtles is a simple three layered-structure. The dorsal most part of this 
structure is thought to resemble the reptilian forerunner of at least parts of mammalian isocortex. This 
dorsal part of turtle cortex contains several functionally distinct regions that show similarity in their 
connections and function to specific areas in mammalian isocortex. The types of neurons found in turtle 
dorsal cortex (as defined by their morphology and neurotransmitter content) also show great similarity 
to those observed in mammals, with the major exception that turtle cortex appears to lack the types of 
neurons found in granular and supragranular layers of mammalian isocortex. Similar results have also 
been observed in other living reptiles. Thus, one major step in the evolution of reptilian cortex into 
mammalian cortex must have been the addition of the types of neurons found in the granular and 
supragranular layers of mammalian isocortex. These observations for turtles also suggest that turtle cortex 
in particular and reptilian telencephalic cortex in general must differ functionally from mammalian 
isocortex with respect to those features associated with the laminar and columnar organization of 
isocortex. These issues are discussed in more detail below and in Reiner (1991). 

INTRODUCTION 

Description of turtle telencephalon 

Basic anatomy. The telencephalon in turtles (Fig. 1) 
at first glance shows gross dissimilarity to that in 
mammals. Three major cell groups of the turtle 
telencephalon are of interest for the present discus- 
sion, the basal ganglia, the dorsal ventricular ridge 
(DVR) and the cortex. Only with the advent of recent 
neuroanatomical and histochemical methods have 
the identities and relationships of these telencephalic 
regions become clear. The basal ganglia occupies the 
basolateral part of the telencephalic hemisphere in 
turtles and it is readily identifiable by a variety of 
histochemical criteria (Reiner et al., 1984a; Reiner 
and Anderson, 1990). Based on such criteria and 
connectional (hodological) considerations, it is 
clearly homologous to the structure of the same name 
in mammalian species (Reiner et al., 1984a). Also 
present in the basolateral telencephalon in turtles, but 
not discussed further here, are homologues of the 
substantia innominata region, the ventral pallidal 
region and the ventral striatum. Around the inferior 
horn of the lateral ventricle, the basal ganglia is 
continuous with the septum. The DVR, which is the 
large region of the lateral telencephalic wall that 
overlies the basal ganglia in turtles (and in other 
reptiles and in birds) and bulges into the lateral 
ventricle, was the subject of much misidentification 

earlier this century. Owing to its appearance as a 
nonlaminated structure lying beneath the pallial 
mantle of the telencephalon, the DVR was regarded 
as a portion of the basal ganglia that was uniquely 
hypertrophied in birds and reptiles (Arks-Kappers 
et al., 1936; Reiner et al., 1984a). With more precise 
modem neuroanatomical methods, however, it has 
become very clear that the DVR is not part of the 
basal ganglia. In fact, the DVR shows many of the 
hodological, functional and developmental features 
that characterize the isocortex of mammals (Karten, 
1969; Reiner et al., 1984a; Karten and Shimizu, 
1990). The DVR, however, does not show two defin- 
ing features of mammalian isocortex: lamination and 
a topographic location at the outer surface of the 
telencephalon. 

Finally, the outer upper surface of the turtle 
telencephalon is occupied by a three-layered structure 
termed the cortex (Fig. 1). The cortex actually 
consists of three separate cortical fields, a medial 
(with medial plus dorsomedial subdivisions), a dorsal, 
and a lateral. As can be seen, the dorsomedial and 
medial cortices lie medial to the lateral ventricle and 
form the medial telencephalic wall. The dorsal 
cortex occupies the dorsal most portion of the 
telencephalon, overlies the lateral ventricle and is 
continuous medially with the histologically similar 
dorsomedial and medial cortices (Johnston, 1915; 
Reiner, 1991). The lateral (or olfactory or pyriform 
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Fig. 1. Photomicrographs and schematics illustrating and comparing the organization of turtle and 
mammalian telencephala. (A) High contrast photomicrograph of a cresyl violet stained transverse section 
through the telencephalon of a painted turtle at the level of the anterior commissure juxtaposed to a line 
drawing (B) of this same section, The major telencephalic subdivisions are identified. The dorsal cortex 
constitutes a thin piece of tissue overlying the lateral ventricle and grades into the palhal thickening 
laterally. (C) High power photomicrograph of turtle dorsal cortex showing its cytoarchit~tonic and 
faminar organization. A line has been drawn along the pial surface to accentuate its location. The scale 
bar equals 100 pm. (D) Line drawing of a transverse section of rat telencephalon through the level of the 
anterior commissure, presented for comparison to the turtle telencephalic section shown in A and B. (E) 
High power photomicrograph of rat cortex, with the individual layers indicated. Note the much greater 
laminar and cytoarchitectonic complexity, compared to the turtle cortex shown in C. The scale bar equals 
500 pm. Abbreviations: CL, cellular layer of cortex; CN, core nucleus of the DVR; CO, optic chiasm; 
cd, dorsal cortex; cdm, dorsomedial cortex; cm, medial cortex; cp, pyriform cortex; DVR, dorsal 
ventricular ridge; ExC, external capsule; GP, globus pallidus; ML, molecular layer of cortex; MPO, medial 
preoptic area; nPH, periventricular hypothalamic nucleus; nSL, lateral septal nucleus; nSM, medial septa: 

nucleus; PT, pallial thickening; SCL, subcellular layer of cortex; TuOl, olfactory tubercle. 

cortex) is situated lateral to the dorsal cortex and 
occupies a prominent dorsolateral bulge in the 
telencephalic wall. The lateral cortex is different in 
that it does not overlie any part of the lateral ventricle 
and is not continuous with dorsal cortex, at least not 
at levels anterior to the anterior commissure. An 
important cell group termed the pallial thickening 
extends from the lateral edge of the dorsal palhum 
and curves around the lateral ventricle to about the 

dorsal most part of the DVR. The part of the DVR 
abutted by the pallial thickening is called the core 
nucleus. The pallial thickening, which is considered a 
lateral subpallial extension of the dorsal cortex, sep- 
arates the dorsal and lateral cortices. Lateral, dorsal, 
dorsomedial and medial cortices are typically present 
in all reptiles and have generally similar locations. 

General comparison to mammals. In contrast, the 
mammalian telencephalon seems to consist of fewer 
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basic parts (Fig. 1). Centrally and basally, the telen- 
cephalon in mammals consists of the basal ganglia, 
ventral striatal/pallidal complex and substantia 
innominata. Surrounding the basal ganglia and 
separated from it by the fibers of the external capsule 
is the isocortex. The isocortex of mammals is, histo- 
logically and cytoarchitectonically, a neural structure 
that is unique to mammals. Although the complexity 
of individual cortical layers varies from one cortical 
area to another and from one mammalian species to 
another, all mammals possess an isocortex that is 
six-layered. A six-layered isocortex, however, has not 
been observed in the cerebral hemispheres in any 
nonmammalian species (Ariens-Kappers et al., 1936). 
Figure 1 shows clearly that such a cortical architec- 
ture is not evident in the telencephalic cortex of 
turtles. Since the isocortex has been thought to 
provide the neural substrate for the behavioral 
adaptiveness of mammals, considerable interest has 
focused on the evolutionary origins of isocortex 
(Johnston, 1915; Ariens-Kappers et al., 1936; Karten, 
1969; Northcutt, 1981; Ulinski, 1990). Since early in 
this century, it has been widely accepted that the 
dorsal cortex in modern reptiles may resemble the 
forerunner of mammalian isocortex that was present 
in the stem reptiles. Thus, information on the struc- 
ture and function of the dorsal cortex in such a 
presumably primitive modern reptilian group as 
turtles has been considered of importance for under- 
standing the evolutionary history of mammalian 
isocortex. The following sections will briefly describe 
what is known of the anatomical and functional 
organization of the dorsal cortex in turtles, relate this 
to what is known of the neurochemistry of dorsal 
cortex neurons and their inputs, and put these data 

into the context of the evolution of mammalian 
isocortex. 

Anatomy and physiology of turtle telencephalic cortex 

Connectivity. A considerable amount of data from 
modem neuroanatomical and embryological studies 
on turtles supports the notion that dorsal cortex 
contains specific regions that are comparable to 
specific regions of mammalian isocortex (Kiillen, 
1951; Orrego, 1961; Ebner, 1976). This evidence is 
most complete for a region of dorsal cortex, termed 
visual dorsal cortex, that has many similarities to 
mammalian striate cortex (Fig. 2). For example, this 
portion of dorsal cortex has many of the same inputs 
as striate cortex: (1) glutamatergic thalamic input 
from a cell group that corresponds to the dorsal 
lateral geniculate nucleus of mammals (Ebner, 1976; 
Ulinski, 1988; Larson-Prior et al., 1991); (2) basal 
telencephalic input from cholinergic neurons corre- 
sponding to the nucleus basalis of mammals (Mufson 
et al., 1984; Ouimet et al., 1985); (3) noradrenergic 
input from locus coeruleus (Parent and Poitras, 1974; 
Ouimet et al., 1985); (4) serotonergic input from the 
raphe cell groups of the hindbrain (Parent, 1973; 
Ouimet et al., 1985); and (5) peptidergic input from 
the lateral hypothalamic-supramammillary region 
(Reiner et al., 1985). In addition, turtle visual dorsal 
cortex has two of the major efferent projections 
characteristic of striate cortex, a projection back to 
the dorsal lateral geniculate nucleus and a projection 
to the tectum (Hall et al., 1977; Ulinski, 1986). 
Ulinski (1986, 1988) has recently pointed out that the 
portion of the turtle telencephalon resembling 
mammalian striate cortex also includes the pallial 
thickening. Although fewer data are available for 

Fig. 2. Line drawing schematics illustrating the location and extent of the major thalamorecipient sensory 
areas in the turtle cortex and DVR. (A) Line drawing of a transverse section at the level of the anterior 
commissure (midline is to the left). The dorsal cortex plus pallial thickening is marked as Vl, the primary 
visual area receiving visual input from the retinorecipient dorsal lateral geniculate nucleus. The core 
nucleus within the DVR is noted as V2, the secondary visual area receiving visual input from the 
tectorecipient nucleus rotundus of the thalamus. The ventromedial part of the DVR is noted as A, the 
primary auditory area receiving auditory input from the nucleus reuniens of the thalamus, which itself 
receives input from the inferior colliculus. (B) View of the dorsal surface of the cerebral hemispheres of 
turtle, showing the location and extent of the somatosensory (SS) and primary visual (Vl) portions of 
the dorsal cortex. Abbreviations: cd, dorsal cortex; cp, pyrifortn (olfactory) cortex; CP, optic chiasm; GP, 

globus pallidus; OB, olfactory bulb. 
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other reptiles, several studies indicate the presence in 
lizards of at least the subpallial (i.e., pallial thicken- 
ing) portion of visual dorsal cortex (see Reiner, 1991). 
These overall similarities among different species of 
reptiles and mammals suggest strongly that visual 
dorsal cortex of reptiles and striate cortex of mam- 
mals had their common origin in a visual dorsal 
cortex-like structure in the reptiles ancestral to 
living reptiles and mammals. Turtles also possess a 
somato~nsory region in rostra1 dorsal cortex that 
might be comparable to mammalian somatosen- 
sory/somatomotor cortex (Fig. 2) (Orrego, 1961; Hall 
et al., 1977). 

Cytoarchitecture. In cryptodire turtles, the dorsal 
cortex is histologically much simpler in its cytoarchi- 
tecture than the mammalian isocortex and consists of 
three layers (Fig. 1): (1) a broad superficial molecular 
layer that contains a few scattered neurons, (2) a thin 
perikarya-rich cellular layer, and (3) a thin subcellu- 
lar layer that contains a few neurons (Smith et al., 
1980). This histological organization appears to be 
the primitive pattern for dorsal cortex in reptiles since 
it is observed in all cryptodire turtles, in lizards and 
in snakes (Johnston, 1915; Durward, 1930; Ebbesson 
and Voneida, 1969; Ulinski, 1974; Davila et al., 1986; 
Guirado et al., 1987). The medial and dorsomedial 
cortices also show such a trilaminar arrangement in 
all reptiles. Thus, based on the observed similarities 
among living reptiles, it appears highly likely that the 
reptiles ancestral to living reptiles possessed a dorsal 
cortex that was histologically similar to that in 
cryptodire turtles. Since the dorsal cortex in all 
reptiles has a lateral subcortical extension called the 
pallial thickening, it is very likely that a pallial 
thickening was also present as part of dorsal cortex 
in ancestral reptiles. 

Cellular anatomy and neurochemistry of turtle 
telencephalic cortex 

Anatomy and physiology of cortical neurons and the 
neurochemistry of their inputs. Two basic types of 
neurons are found in turtle dorsal cortex, pyramidal 
and nonpyramidal (Smith et al., 1980; Connors and 
Kriegstein, 1986). The pyramidal neurons, which are 
located in the cellular layer, possess dendrites that 
branch widely and extend out toward the pial surface. 
The nonpyramidal neurons are located in all corticai 
layers and are very diverse in their mo~holo~es. In 
general, however, the nonpyramidal neurons tend to 
have dendrites that branch more radially or horizon- 
tally than those of pyramidal neurons (Fig. 3). The 
pyramidal neurons appear to be the main input and 
output neurons of turtle cortex, while the nonpyrami- 
dal neurons appear to be involved in local circuit 
interactions (Smith et al., 1980; Connors and 
Kriegstein, 1986). Anatomical studies have shown 
that thalamic inputs terminate on the dendrites of 
cortical neurons in the outer part of the molecular 
layer (Fig. 3) (Smith et al., 1980). Electrophysio- 
logical studies have shown that activation of this 
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Fig. 3. A simplified wiring diagram of turtle dorsal cortex. 
The schematic shows that: (1) thalamic input to cortex has 
excitatory input to pyramidal neurons (the two neurons on 
the bft) and nonpyramidal neurons (the neuron on the 
right); (2) nonpyr~dal neurons have inhibitory input to 
pyramidal neurons; (3) pyramidal neurons have excitatory 
input to each other (and to nonpyramidal neurons, which is 
not shown); and (4) pyramidal neurons have excitatory 

descending projections. 

thalamic input leads to excitation of both pyramidal 
and nonpyramidal neurons in the cellular layer 
(Kriegstein and Connors, 1986; Larson-Prior et al., 
1991). This excitation is blocked by non-NMDA type 
glutamate receptor antagonists, thus suggesting that 
the thalamocortical input is glutamatergic and excit- 
atory (Kriegstein and Connors, 1986; Larson-Prior et 
al., 1991). In support of this conclusion is the 
anatomical observation that neurons in the thalamic 
sensory cell groups projecting to the cortex are 
glutamatergic and the cortex of turtles is rich in 
glutamate receptors (Young et al., 1990; A. Reiner, 
R. L. Albin and E. C. Richfield, unpub. obs.). In 
addition to the excitation observed in pyramidal 
neurons upon stimulation of thalamocortical 
afferents, these neurons also exhibit prominent IPSPs 
(Kriegstein and Connors, 1986; Larson-Prior et al., 
1991). Since GABA antagonists block this inhibitory 
response of pyramidal neurons (Kriegstein and 
Connors, 1986; Larson-Prior et al., 1991), these 
results indicate that the inhibition is generated by 
GABAergic neurons (apparently intrinsic to the cor- 
tex) that had been stimulated by the activation of the 
thalamic input (either directly or indirectly via the 
pyramidal neurons) (Fig. 3). In support of the latter 
conch&on, GABAergic nonpyramidal neurons are 
abundant in turtle cortex and make synaptic contact 
with pyramidal neurons (Smith et al., 1980; Blanton 
et al., 1987; Reiner, 1991) and GABAA receptors are 
extremely abundant in turtle cortex (Schegel et af., 
1986; A. Reiner, R. L. Albin and E. C. Richfield, 
unpub. obs.). Finally, pyramidal neurons in turtles 
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also have local circuit excitatory connections, which 
appear to use both NMDA and non-NMDA-type 
glutamate receptors and nonglutamatergic receptors 
(Larson-Prior et al., 1991). In these various respects 
(the neuronal types present in cortex, their somato- 
dendritic morphology, their electrophysiological 
characteristics, their connectivity with each other and 
with their thalamic input, and the neurotransmitter 
mechanisms involved), the fundamental features of 
the organization of turtle cortex are similar to those 
of mammalian cortex (Smith et al., 1980; Connors 
and Kriegstein, 1986; Kriegstein and Connors, 1986; 
Larson-Prior er al., 1991). Thus, the basic neuronal 
building blocks of the cortex and their functional 
properties are similar in turtles and mammals. As will 
be seen below, in both turtles and mammals, non- 
pyramidal neurons are diverse in the types of neuro- 
transmitters they contain, while pyramidal neurons 
appear to use glutamate as a neurotransmitter. 
Despite the similarities, however, there are some 
major differences between turtle and mammalian 
cortex, as also discussed below. 

Although the thalam~orti~l input to cortex 
utilizes glutamate in turtles, some thalamocortical 
neurons (and seemingly the majority of geniculocorti- 
cal neurons) and their cortical terminals also contain 
the neuropeptides neurotensin and LANT6 (Reiner, 
1992). The functional significance of this for cortical 
neurot~nsmission has not been clarified. Neurons in 
the cellular layer of cortex also receive an input that 
co-contains the neuropeptides SP (substance P), 
VIP (vasoactive intestinal polypeptide), CCK8 (the 
C-terminal octapeptide of cholecystokinin) from 
neurons of the supramammillary-lateral hypothala- 
mic region (Reiner et al., 1985; Reiner, 1991). The 
intluence of this input on cortical neurons is also 
unknown, as is the influence of the noradrenergic 
input from locus coeruleus (which is concentrated 
near the pial surface). The serotonergic input from 
the raphe (which is distributed throughout the depth 
of turtle dorsal cortex), however, is known to inhibit 
the spontaneous activity of cortical neurons in turtles 
(Shen and Kriegstein, 1986). Finally, the cholinergic 
input from the basal forebrain, which ends in the 
molecular layer, has been found to act on cortical 
neurons through muscarinic mechanisms (utilizing 
the Ml class of receptors) in turtles (Schlegel ef al., 
1986; Blanton et al., 1986). El~trophysiolo~~l 
studies indicate that the response of cortical 
pyramidal neurons to muscarinic agonists is biphasic, 
consisting of early inhibition followed by slow exci- 
tation (Blanton et al., 1986). In terms of the known 
effects of the various specific cortical afferent systems 
on the excitability of individual cortical neurons, the 
patterns of response appear to be very similar in 
turtles and mammals. 

Columnar orgunizution. A hallmark of mammalian 
isocortex that appears to be absent from cortex in 
turtles (and reptiles in general) is columnar 
organization (Rakic, 1988; Reiner, 1991). Columnar 

organization appears to derive from two morphologi- 
cal properties of mammalian isocortex: (1) the 
narrow and radial disposition of the dendritic trees of 
most cortical neurons, and (2) the presence of neur- 
ons in cortical layers 2-4 whose axons terminate 
on other neurons in the same cortical column 
(Sxentagothai, 1978,1983; Jones, 1981; Eccles, 1984; 
Lund, 1984). Although most pyramidal cortical neur- 
ons in turtles have radially oriented dendritic trees (as 
in mammals), the absolute width of the trees of 
individual neurons is greater than in mammalian 
isocortex (Ebner, 1976; Smith et al., 1980). Perhaps 
more significantly, an individual vertical slab of che- 
lonian cortex is relatively cell poor and appears to 
lack the types of neurons found in cortical layers 2-4 
in mammals, as defined by the transmitter content of 
those neurons and as defined by the connections of 
those neurons. Thus, turtle cortex (and reptilian 
cortex in general) does not show columnar organiz- 
ation. Data further supporting this conclusion are 
discussed in the following sections. 

Neurochemistry of cortical neurons. Several differ- 
ent ne~otr~s~tte~ or neuropeptides are found in 
cortical neurons in turtles, including both pyramidal 
and nonpyramidal neurons. In general, most of 
the same neurotransmitters and neuropeptides found 
in mammalian isocortex are found in turtle cortex, 
with the major exception that transmitter-specific 
cell types found p~o~antly in layers 2-4 in 
mammalian isocortex are absent from turtle cortex 
(Table 1). For example, three different neurotrans- 
mitter-specific groups of nonpyramidal neurons that 
are bipolar in morphology, have small (approxi- 
mately 1Ohm in diameter) fusiform cell bodies and 
arc primarily located in layers 2 and 3 have been 
described in mammals (see Reiner, 1991). One group 
of these contains vasoactive intestinal polypeptide 
(VIP), a second contains the C-terminal octapeptide 
of cholecystokinin (CCKI) and the third contains 
acetylcholine. In turtles, no unequivocally VIP+ or 
CHAT+ neurons and extremely few CCKS + neur- 
ons are present in cortex and PT (Figs 3, 4). The 
paucity of CCKS+ perikarya in cortex in turtles is 
consistent with the biochemical demonstration that 
CCKB levels are low in cortex of turtles (Reiner and 
Beinfeld, 1985). 

In contrast, transmitter-specific types of neurons 
found specifically in layers 5-6 of ornate cortex 
(for example, the neuropeptides substance P and 
the neurotensin-related hexapeptide LANT6) or 
throughout layers 2-6 (for example, somatostatin, 
neuropeptide Y, GABA, enkephalin and glutamate) 
are found in turtle dorsal cortex. Substance P-con- 
taining (SP+) cortical neurons in meals appear 
to typically be multipolar nonpyramidal neurons 
primarily localized to the infragranular cortical layers 
(Jones et al., 1988; Reiner, 1991). This is also true of 
the LANT6+ neurons of mammalian cortex. In 
turtles, both SP+ and LANTG+ nonpyramidal neu- 
rons (both typically with a multipolar morphology) 
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Table 1. Comparison of the types of neurons found in mammalian cortex to those found in 
turtle and lizard cortex 

Phenotvoe Mornholoav 
Location in 

mammals 
Present in 

turtles 
Present in 

lizards 

VIP+ radial 213 no unkown 
CCK8 + radial 2i3 no no 
Cholinergic radial 213 no no 
Cholinergic nonpyramidal absent no Yes 
Substance P nonpyramidal 516 yes unknown 
LANT6 nonpyramidal 516 yes yes 
Somatostatin nonpyramidal 26 yes yes 
Neuropeptide Y nonpyramidal 2-6 yes yes 
GAEA nonpyramidal 24 yes yes 
Glutamate pyramidal 26 yes unknown 
Enkephalin nonpyramidal 24 yes unknown 
Pawalbumin nonpyramidal 24 unknown yes 
Calbindin pyramidal 213 unknown no 
Calbindin nonpyramidal 213, 5 unknown yes 

Note that the types of neurons found specifically in layers 24 of mammalian cortex are 
consistently absent from lizard and turtle cortex. The entry “unknown” indicates that 
definitive studies have not been done. 

are found in all layers of the dorsal cortex and pallial 
thickening. Both the SP+ and LANT6+ nonpyra- 
midal neurons in turtle cortex are similar in mor- 
phology to their mammalian counterparts. 

Nonpyramidal neurons containing somatostatin 
(SS), neuropeptide Y (NPY) and GABA are present 
in all cellular layers of mammalian cortex, and the 
neurons are typically multipolar. All three of these 
substances are also observed in neurons throughout 
all layers in all parts of cortex in turtles, including PT 
(Bear and Ebner, 1983; Weindl, 1984; Blanton et al., 

1987; Reiner, 1991). The SS + , NPY + and GABA + 
neurons all appear to be of the nonpyramidal type 
and are similar in size and morphology to their 
mammalian counterparts (Figs 4-5). Double-label 
studies have shown that SS and NPY are, in fact, 
extensively co-localized within the same individual 
neurons of turtle cortex (Reiner and Oliver, 1987). 
Extensive co-localization of SS and NPY in individ- 
ual cortical neurons has also been reported for mam- 
mals (Vincent et al., 1982a,b). Based on findings in 
mammals and lizards, it seems likely that many of the 

Fig. 4. Photomicrographs illustrating the morphology and laminar location of SS + (A) and NPY + (B) 
neurons in turtle dorsal cortex. Neurons of these types are present in all layers (ML, molecular layer; CL, 
cellular layer) of turtle cortex. The photomicrographs were taken using differential interference contrast 

microscopy. Scale bar: B = 100 pm; A = same magnification as in B. 
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Fig. 5. Camera lucida drawings of GABAergic neurons of 
turtle dorsal cortex. Lateral is to the left for all drawings. 
The neurons Gl-G5 were specifically located in the 
molecular layer. Others not shown here, but of a similar 
morphology, were observed in the cellular layer and in the 
subcellular layer. Althou~ they show some variation in 
their dendritic morphology and perikarya size, these 
neurons typically possess a multipolar dendritic configur- 
ation resembling that of the nonpyramidal class of cortical 

neurons. 

GABAergic cortical neurons in turtles also contain 
one or more neuropeptides (Jones and Hendry, 1986; 
Davila et al., 1991). For example, the SS+ and 
NPY + cortical neurons in turtles are likely to be a 
specific subpopulation of the GABAergic neurons. 
Similarly, other neuropeptides (LANT6, SP, ENK) 
may be found in other sub~pulations of GABAergic 
neurons in turtle cortex. 

Enkephalinergic cortical neurons in mammals are 
primarily located in the supragranular and infragran- 
ular layers (see Reiner, 1991). These ENKi- neurons 
in mammals are small to medium-sized and tend to 
be bipolar or multi~lar in their morphology. Two 
types of ENK+ neurons are present in chelonian 
cortex and PT: neurons of a multipolar dendritic 
morphology, and neurons with a primarily radial 
dendritic tree that ascends toward the molecular layer 
(Reiner, 1991). The former are clearly nonpyramidal 
in their morphology, are most abundant in the cellu- 
lar and su~llular layers of dorsal cortex and PT, 
and are reminiscent in their perikaryal size and shape 
of some ENK+ perikarya observed in mammalian 
cortex. The other type of ENK+ neurons have their 
perikarya in the cellular layer and possess a seemingly 
vertically disposed dendritic tree. This latter type of 
ENK+ neuron may thus be pyramidal. Finally, 
glutamate&c neurons are widespread in mammalian 
cortex, particularly in the supra- and infragranular 
layers (see Reiner, 1991). These glutamatergic 
neurons in mammals appear to be pyramidal neurons 
that give rise to corticocortical and/or extracortical 
projections. In turtles, glutamatergic neurons are 
found in abundance in the cellular layer (Reiner, 
1991). These glutamatergic neurons appear to give 
rise to a single, vertically-disposed primary dendrite. 
The dendritic morphology and location of these 
neurons is consistent with the possibility that they are 
pyramidal neurons. 

The neurotransmitter-specific types of neurons 
found in the cortex of other reptilian groups (for 
example, liirds) are very similar to those found in 
turtles (Table 1). For example, SS+, NPY +, 
GABA + and LANT6 + neurons have all been found 
in cortex in lizards (Perez-Clause11 and Fredens, 1988; 
Davila et al., 1991; Reiner, 1991; Martinez-Guijarro 
and Freund, 1992). In contrast, neither CCK8+ nor 
choline@ nonpyramidal neurons of radial 
morphology have been found in lizard cortex 
(Perez-Clause11 and Fredens, 1988; Reiner, 1991, 
1992). Lizards do, however, appear to possess a 
population of cholinergic nonpyramidal cortical 
neurons that are absent in mammals and turtles 
(Hoogland and Vermeulen-VanderZee, 1990; Medina 
et al., 1993). The localization of VIP+, SP+, gluta- 
mate@ and enkephaliner~c neurons in liird cortex 
is uncertain (Perez-Clause11 and Fredens, 1988; 
Reiner, 1991,1992). Three types of cortical neurons 
not yet studied in turtles but found in cortex in 
mammals have, however, been studied in lizard 
cortex. Two of these types contain the calcium 
binding protein calbindin, while the other contains 
the calcium binding protein parvaibumin. The two 
types of calbindin-containing neurons in mammalian 
isocortex are: pyramidal neurons restricted to layers 
2-3, and nonpyramidal neurons found in layers 2, 3 
and 5. The parvalbumin-containing neurons in mam- 
malian isocortex are all nonpyramid~. In lizards, 
nonpyramidal neurons containing both calbindin and 
parvalbumin have been described, while calbindin- 
containing pyramidal neurons are absent (Martinez- 
Guijarro and Freund, 1992). Thus, lizard cortex also 
appears to lack the types of neurons found in layers 
2-4 of m~malian cortex but possess those found in 
layers 5-6. 

Connections of cortical neurons. Neurons contain- 
ing VIP, CCK8 or CHAT are not the only types of 
neurons characteristic of granular and supragranular 
layers of mammalian cortex seemingly absent in 
turtles. Pathway tracing studies show that turtles also 
appear to entirely or largely lack the interre~onal 
and interhemispheric projection neurons character- 
istic of mammalian cortical layers 2-3 and lack 
the granular neurons characteristic of layer 4 of 
mammals (Ebner, 1976; Reiner, 1991). Similar results 
have been obtained in lizards (Voneida and 
Ebbesson, 1969; Lohman and Mentink, 1972; Butler, 
1976; Bruce and Butler, 1984a,b; Hoogland and 
Vermeulen-VanderZee, 1989; Reiner, 1991). As noted 
above, the dorsal cortex of lizards and turtles does, 
however, possess a variety of features in terms of its 
inputs from and outputs to the basal forebrain, 
thalamus and brainstem that resemble those of layer 
5-6 neurons of mammalian isocortex. 

Implications for turtle cortical organization and 
function 

These various findings on the anatomical and 
neurochemical organization of turtle cortex point to 
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many similarities between turtles and mammals, but 
they also point to several noteworthy differences: 
(1) turtles lack the types of neurons characteristic 
of cortical layers 2-4 in mammals; (2) turtles only 
possess the types of neurons present in cortical layers 
5-6 in mammals; and (3) turtle cortex lacks columnar 
organization. It seems clear from these considerations 
that reptilian dorsal cortex must process information 
in a different way than do the corresponding regions 
of mammalian isocortex. In mammals, sensory 
thalamic input terminates heavily on neurons of 
layer 4 (Jones, 1981). These neurons, in turn, project 
to neurons in other layers within the same cortical 
column (Jones, 1981). Some of the neurons receiving 
input from layer 4 neurons (i.e. layer 2-3 neurons) 
also have projections within the same column, while 
neurons in deeper layers project to regions outside of 
cortex (Jones, 1981; Eccles, 1984). While the nature 
of the processing carried out within a column of 
isocortex is not precisely known, it seems clear that 
chelonian cortex would not be able to carry out as 
complex an operation as mammalian isocortex 
because chelonian cortex appears to lack the 
neuronal populations that underlie columnar 
organization. Further, in mammalian isocortex the 
individual axons of cortical afferent systems have 
terminations largely restricted to individual cortical 
columns (Jones, 1981; Rakic, 1988), thereby enabling 
th~~o~~i~ projections to be to~~ap~cally 
ordered. In contrast, thalamocortical afIerent systems 
in turtles are not topographically ordered in a point 
to point fashion (Ulinski, 1988). Consistent with this 
anatomical observation, turtle visual cortex shows 
poor retinotopic organization and units in chelonian 
visual cortex show wide receptive fields (Belekhova, 
1979; Ulinski, 1988). Thus, unlike in mammals, 
cortex in turtles does not appear to be capable of 
processing information about a discrete portion of 
the visual environment. For example, in mammals 
striate cortex appears to receive simple receptive field 
information about spots of light and dark in specific 
portions of the visual field and extract info~ation 
regarding edges and line orientation in those portions 
of the visual field. It is difficult to imagine chelonian 
visual cortex performing much more than a simple 
operation whose outcome is a generalized response to 
global events in a large part of the visual field. This 
is co~istent with the observation that lesions of 
visual dorsal cortex fail to aSect visual discriminative 
performance in turtles but do a&t learning pro- 
cesses (Cranney and Powers, 1983; Reiner and Pow- 
ers, 1983; Grisham and Powers, 1984,1989) and with 
the suggestion by Ulinski (1988) that turtle dorsal 
cortex may be involved in a more global aspect of 
visual functions, possibly movement detection or 
attention. Thus, it appears likely that dorsal cortex in 
turtles plays a different role in information processing 
than does isocortex in mammals. It should be noted 
that these conclusions provide support for the idea 
that mammals may differ qualitatively from reptiles 

in some aspects of learning capacity (Hodos, 1982; 
Jerison, 1985; Macphail, 1982). It seems possible that 
mammals may be capable of some tasks requiring 
complex isolation processing and feature abstrac- 
tion of which reptiles {or at least reptiles similar to 
turtles in brain organization) are incapable. 

Relationship of the dorsal cortex to the DVR 

The DVR in turtles and in nearly all other reptiles 
and in birds does not possess the laminar organiz- 
ation characteristic of the cortex. Rather, the DVR 
consists of a number of separate cell fields. In animals 
such as birds, with a very large and well-developed 
DVR, the DVR is more complex and consists of 
many more evident subdivisions than does the turtle 
DVR. The DVR’s of birds and reptiles, however, do 
share a number of su~i~sions in common, particu- 
larly those in receipt of visual and auditory input 
from the thalamus (Fig. 2). Both the DVR and dorsal 
cortex are clearly pallial derivatives and both are 
hodologically, histochemically and functionally 
similar to mammalian isocortex (KBllen, 1951; 
Karten, 1969; Karten and Shin&u, 1990). The 
evolutionary relationship of DVR and dorsal cortex 
to each other and to isocortex, however, is not widely 
agreed upon. One school of thought is that both a 
DVR and dorsal cortex were present in stem reptiles 
ancestral to modem reptiles and mammals, and that 
the dorsal cortex and DVR both evolved into isocor- 
tex in the mammalian lineage (Karten, 1%9). The 
considerable similarity of both dorsal cortex and 
DVR to isocortex in terms of connections, function 
and histochemistry favors this viewpoint. On the 
other hand, it is difficult to see how two structures so 
radically different in their cytoa~hitect~ as the 
DVR and dorsal cortex, could be transformed 
seamlessly into one structure of uniform cytoarchitec- 
ture, namely isocortex. Further, endocast data makes 
it dubious that early reptilian forerunners of mam- 
mals had as large and well-developed a DVR as even 
turtles (Hopson, 1979; Ulinski, 1983). 

I wish to propose a slightly modified version of the 
ideas of Karten on the possible evolutionary relation- 
ships among the cortex and DVR of reptiles and the 
isocortex of mammals. There are three points of 
departure for my proposal. First, we have found that 
the turtle DVR (and the DVR of other reptiles as 
well) appears to lack the same neuro~ns~~er- 
specific cell types as turtle dorsal cortex (M&on 
et al., 1984; Reiner et al., 1984b; Brauth er al., 1985; 
Reiner and Beinfeld, 1985; Reiner, 1987; Reiner and 
Oliver, 1987; Reiner, 1991, 1992). This observation 
suggests that reptilian DVR and reptilian dorsal 
cortex may have evolved from some common 
antecedent structure. Secondly, the dorsal cortex 
seems continuous with the lateral edge of the DVR 
via the pallial thickening, which is cytoarchitectoni- 
tally a transitional zone between dorsal cortex and 
DVR. This suggests that in some antecedent reptiles, 
dorsal cortex, pallial thickening and DVR may have 
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been continuous and possibly more cyto~chit~oni- 
tally uniform. Finally, in one highly primitive living 
species of lizards, Sphenodon puncratum, the cytoar- 
chitecture of the DVR and dorsal cortex may be that 
which is primitive for reptiles. In Sphenodcm, the 
DVR does not consist of separate cell groups and 
there is no pallial thickening. Rather, the cell layer of 
the dorsal cortex continues around the lateral veutri- 
cle into the DVR and this cell layer then runs along 
the DVR in a periventricular position. Further, the 
DVR in S~hen~do~ is smaller than in any other living 
reptilian species. These various observations lead to 
the suggestion that perhaps in stem reptiles the darsal 
cortex and DVR were identical in their cytoarchitec- 
ture, and the DVR was so poorly developed that it 
did not bulge into the ventricie (Figs 6,7$ From this 
starting point, in which they were indistingu~s~ab~ 
cytoa~hit~toni~lly~ the DVR and dorsal cortex 
may have evolved along separate cytoarchitectonic 
paths from each other in the sauropsid lineage 
(Fig. 6), but evolved along the same cytoarchitectonic 
path as each other in the mammalian lineage (Fig. 7). 
Residual evidence of the once cortex-like laminar 
structure of the DVR in stem reptiles may still 
manifest itself as the corticoid periventricular cell 
plate of the DVR observed in turtles and type I 
lizards (i.e., lizards with a more primitive DVR 
structure) (Northcutt. 1978; Ulinski, 1983) and as the 
continuous cell layer of the DVR and cortex in 
Sphenodon p~ncratum (Durward, 1930). 

Although this proposal is speculative, it does 
account for the similarities between reptilian dorsal 
cortex compared to reptilian DVR on one hand and 
between reptifian dorsal cortex and DVR compared 
to mammalian isocortex on the other. One interesting 
topographic comparison further favors this current 
speculation. Note that the DVR in reptiles is basically 
an involuted piece of pallium (Figs 6, 7). If it were 
projected back out onto the pallial surface (dorsome- 
dial to the rhinal fissure), then four contiguous 
functionaf areas would be present: (If a geniculore- 
cipient visual area most dorsal (W); (2) an extrastri- 
ate t~toth~amo~ip~ent visual area lateral to the 
geniculocortical area (V2); (3) an auditory area lateral 
to the extrastriate visual area and abutting the 
olfactory cortex laterally; and (4) a somatosensory 
area rostra1 to the geniculorecipient cortical area 
(shown in Fig. 2). These same four areas are present 
in the brains of most primitive mammals (e.g. platy- 
pus, insectivores and marsupials such as opossums) in 
the same to~lo~~l sequence (compare 6D and 7D) 
and in the same ~lationship to olfactory cortex 
(Diamond and IIall, 1969; Ebner, 1969; Lende, 1969; 
Sanides, 1969; Bohringer and Rowe, 1977). This 
topological co~onality could possibly reflect that 
all four sensory areas plus olfactory cortex were 
present in the telencephalon of stem reptiles and 
evolved along separate paths in the sauropsid and 
mammalian lineages. The next section will more 
specSally address the c~~~hit~tonic alteration 

that may have accompanied the evolution of reptilian 
three-layered cortex into at least parts of rn~~li~ 
cerebral isocortex, focusing mainly on the dorsal 
cortex. It is possible that the same alterations may 
have occurred in the evolution of the putative three 
layers of the proto-DVR of stem reptiles into the 
other parts of mammalian isocortex. 

Sink reptilian dorsal cortex possesses few 
functionally distinct regions (as also appears true for 
other living reptiles), it seems likely that the pro-iso- 
cortex of early mammal-like reptiles possessed corre- 
spondingly few functionally-distinct regions (Allman, 
1990; Reiner, 1991). Even the isocortex of simpler 
mammals (such as the platypus, insectivores and 
some marsupials), however, which consists of few 
cortical areas, is histolo~~lly more cell-rich and 
complex than the dorsal cortex of any reptile. 
Although many investigators have identified dorsal 
cortex as containing the homologues of at least some 
isocortical regions in mammals, few have attempted 
to account for the ~toarchit~t~al differences 
between reptile cortex and mammalian &cortex in 
any detailed way (Elliot-lath, 1919; Dart, 1934; 
A~~ns-Ka~~~ et at., 1936; Hall et al., 1977; 
Northcutt, 1970; Ebner, 1976). The overall data on 
turtle dorsal cortex reviewed here suggest that dorsal 
cortex lacks the neuronal populations ~haracte~zing 
layers 2-4 of mammalian isocortex. In contrast, 
dorsal cortex in turtles does appear to possess the 
cell types characterizing layers 5-6 of mammalian 
isocortex. Based on the available data, the results in 
turtles appear to be similar to those in other reptiles 
and to those in amphibian% and to some extent thos 
in birds (see Reiner, 1991). Thus, the absence from 
the dorsal cortex (and pallial thickening) of turtles of 
the neuronal cell types corresponding to those of 
isocortical layers 2-4 in mammals appears to be a 
pervasive condition for this telencephalic region 
among living ~p~bians~ reptiles and birds and 
therefore appears to represent the primitive pattern 
for land vertebrates. Consequently, the presence of 
these cell types in mammals appears to reflect the 
acquisition of these cell types in the lineage leading 
from reptiles to mammals. Thus, the present findings, 
in conjunction with previously published findings, 
suggest the h~thesis that mammali~ isocortex 
evolved from reptilian dorsal cortex with the addition 
of new cell types, namely those characterizing layers 
2-4 of isocortex (Fig. 8). Some previous authors 
have come to generally similar conclusions on the 
evolution of mammalian isocortex from reptilian 
cortex as reached here (Ebner, 1976; bin-Padilla, 
1978, 1988; Morgane et al., 1985, 1986; Glexer et al., 
1988). 

This conclusion requires that a number of specific 
changes occurred to transform early reptilian dorsal 
cortex into mammalian isocortex. Among these 
events were the proliferation and specification of new 
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HYPOTHESIZED 
STEM REPTILE 

TURTLE GRADE 

HYPOTHESIZED 
EARLY SAUROPSID 

HYPOTHESIZED 
LATER SAUROPSID: 
SPHENODON GRADE 

Fig. 6. Proposed evolution of the DVR from a hypothesized 
ancestral nroto-DVR condition (in which the DVR does not 
bulge into the ventricle) in the earliest reptiles (A), to a 
hypothesized early stage of DVR enlargement in the earliest 
(now extinct) sauropsids (early in the lineage leading to 
modem reptiles and birds) (B), to a Sphenodon grade at a 
later point in early sauropsid evolution (C), and finally to 
a turtle grade (D). All schematic drawings are of transverse 
sections through the telencephalon at the level of the 
anterior commissure. In constructing this hypothesis, it was 
assumed that distinct Vl visual, V2 visual and auditory 
regions were already present in the pallium of stem reptiles 
and that the cells of the proto-DVR and cortex in stem 
reptiles were both in a periventricular position. This as- 
sumption makes it possible to account for the topological 
similarities in these sensory areas that are evident between 
modem reptiles and mammals (compare 6D and 7D) and to 
account for the organization of the DVR in Sphenodon 
compared to other reptiles. The evolutionary changes in the 
proto-DVR leading to the early sauropsid and Sphenodon 
grades are assumed to consist mainly of enlargement of the 
DVR and its ingrowth into the ventricle. Finally, the 
changes in the DVR from the Sphenodon to the turtle grade 
consisted of cytodifferentiation of the DVR and pallial 
thickening into non-periventricular cell groups. The arrows 
within the ventricle in A-C indicate the direction of growth 
of the DVR cell mass. Note that the schematic of the 
Sphenodon grade is not meant to be a rendering of a section 
through the telencephalon of Sphenodon punctatum but is 
meant to represent a hypothetical Sphenodon-like grade of 
reptilian telencephalic evolution. Abbreviations: A, auditory 
region; cp, pyriform (olfactory) cortex; GP, globus pallidus; 
RF, rhinal fissure (indicated by arrows in B, C and D); S, 
septaI region; St, striatum; Vl, primary visual area; V2, 

secondary visual area; TuOl, olfactory tubercle. 

HYPOTHESIZED 
STEM REPTILE RODENT GRADE 

HYPOTHESIZED HYPOTHESIZED 
EARLY MAMMAL-LIKE EARLY MAMMAL: 

REPTILE MARSUPIAL GRADE 

Fig. 7. Proposed evolution of the isocortex from a hypoth- 
esized ancestral proto-DVR condition (in which the DVR 
does not bulge into the ventricle) in the earliest reptiles (A), 
to a hypothesized early stage of cortical expansion and 
translocation in the earliest mammal-like reptiles (therap 
sids) (B), to a marsupial grade at a later point in early 
mammalian evolution (C), and finally to a rodent (simple 
mammal) grade (D). All schematic drawings are of trans- 
verse sections through the telencephalon at the level of the 
anterior commissure.. In constructing this hypothesis, it was 
assumed that distinct Vl visual, V2 visual and auditory 
regions were already present in the pallium of stem reptiles 
and that the cells of the proto-DVR and cortex in stem 
reptiles were both in a periventricular position. This as- 
sumption makes it possible to account for the topological 
similarities in these sensory areas that are evident between 
modem reptiles and mammals (compare 6D and 7D) and to 
account for the seamless transformation of both the reptil- 
ian cortex and reptilian proto-DVR into mammalian isocor- 
tex by the addition of layer 24 cell types. The evolutionary 
changes in the proto-DVR leading to the therapsid grade are 
assumed to consist mainly in the shift of the positions of the 
cortical plate, the basal ganglia and the pyriform cortex 
(direction of shifts shown by arrows in A). The further 
changes from the therapsid to the marsupial grade are 
assumed to consist mainly of thickening and differentiation 
of the cortical plate, presumably accompanied by the ad- 
dition of the layer 24 cell types, and the further ventral- 
ward shift of the olfactory cortex (see arrow in B). Finally, 
the changes in the isocortex from the marsupial to the 
rodent grade consist mainly of the expansion and further 
laminar differentiation of the isocortex, and the further 
ventralward shift of the olfactory cortex (see arrow in C). 
Abbreviations: A, auditory region; cp, pyriform (olfactory) 
cortex; GP, globus pallidus; H, hippocampal complex; RF, 
rhinal fissure (indicated by arrows in B, C and D); S, septal 
region; St, striatum; Vl, primary visual area; V2, secondary 

visual area; TuOl, olfactory tubercle. 
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Fig. 8. Schematic illustrating the present conclusion on the evolution of cortex (CTX) in the lineage leading 
from ancestral reptiles to modem mammals. The data reviewed are consistent with the conclusion that 
only neurons homologous to neurons in isocortical layers 5 and 6 were present in the dorsal cortex of 
the reptiles ancestral to mammals. The evolution of mammalian isocortex therefore must have entailed 
the addition of the neurons of layers 2-4 in the reptile-mammal lineage, with the segregation of these 

various old and new neuronal types into distinct lamina. 

neuronal types, and the elaboration of the laminar 
and columnar organization of cortex. These changes 
apparently occurred in extinct mammal-like reptiles, 
since isocortex is six-layered, possesses the same basic 
cell types (except perhaps for layer 4 granule cells in 
some mammals) and is columnar in its organization 
in all mammals. Further, there has been a clear trend 
within various mammalian orders toward an increase 
in cortical surface area and an increase in the number 
of functionally defined areas of isocortex. As noted 
above, among “primitive” living mammals such as 
insectivores, marsupials and monotremes, a 
somatosensory region, two visual regions and an 
auditory region are typically present (Diamond and 
Hall, 1969; Lende, 1969; Nauta and Karten, 1970; 
Diamond, 1976; Bohringer and Rowe, 1977; 
Johnson, 1977; Morgane et al., 1986; Kaas, 1989). 
Thus, as few as four distinct sensory/motor areas may 
have been present in the mammals ancestral to 
modern mammals. As discussed earlier, dorsal cortex 
in turtles contains a rostrally situated somatosensory 
area and a visual area (Vl) immediately caudal to this 
somatosensory area (Johnston, 1915, 1916; Orrego, 
1961; Hall et al., 1977). The DVR in turtles and other 
reptiles contains both an extrastriate visual area (V2) 
and an auditory area (Lohman and van Woerden- 
Verkley, 1978; Pritz, 1980; Balaban, 1981; Bruce and 
Butler, 1984a,b). Given the apparent ubiquity of an 
auditory area in the DVR, a primary visual area in 
the dorsal cortex and an extrastriate visual area in the 
DVR among living reptiles, it seems plausible that 
these were also present in ancestral reptiles. If one 
assumes that a somatosensory area was also present 
in ancestral reptiles, it is intriguing to note that the 
number and identity of sensory areas primitive for 
reptiles corresponds to that seemingly primitive for 
mammals. It is reasonable to expect that the ancestral 
mammals may have inherited at least their so- 

matosensory and primary visual areas from the 
ancestral reptiles. Concluding that the auditory and 
visual areas of ancestral mammals were reptilian 
inheritances, however, requires one to assume that 
the DVR of reptiles is homologous to some portions 
of mammalian isocortex, which is a plausible assump- 
tion as noted above. Although some authors have 
stated their support for such a conclusion (Karten, 
1969; Nauta and Karten, 1970; Karten and Shimizu, 
1990; Ulinski, 1990; Ulinski and Margoliash, 1990), 
others have argued against such a conclusion 
(Northcutt, 1978, 1981; Ulinski, 1983). Regardless of 
whether ancestral mammals inherited two cortical 
areas (somatosensory and primary visual) or four 
cortical areas (somatosensory, primary visual, extras- 
triate visual and auditory) from ancestral reptiles, it 
is important to note that the transition from a 
reptilian grade of organization to a mammalian grade 
of organization may not have been accompanied by 
an increase in the number of cortical areas (Allman, 
1990; Reiner, 1991). Cortical expansion and increase 
in the number of cortical areas has clearly occurred 
in a number of mammalian lineages after the evol- 
utionary attainment of a six-layered cytoarchitecture 
(Lende, 1969; Glezer et al., 1988; Kaas, 1989; Allman, 
1990). 

Value of studies of turtle dorsal cortex 

Studies of dorsal cortex in turtles help clarify the 
role this structure plays in the behavior of turtles and 
other reptiles and help clarify the cellular and neural 
basis of that role. Studies of dorsal cortex in turtles 
also help shed light on the evolution of mammalian 
isocortex. The available studies thus far indicate that 
turtle dorsal cortex shares many similarities with 
mammalian isocortex, but seems to correspond most 
closely to layers 5-6 of mammalian cortex. Thus, 
anatomical and physiological studies of turtles cortex 
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could shed light on the neurotransmitter and synaptic 
mechanisms underlying intemeuronal communi- 
cation in cortex, at least those having to do with 
fundamental processing occurring in infragranular 
cortex (Connors and Kriegstein, 1986; Kriegstein and 
Connors, 1986; Larson-Prior et al., 1991). One 
particularly exciting area of synaptic physiology in 
which study of turtle cortex could be useful is 
&hernia. Ischemic neuronal cell death is now known 
to be the consequence of excitotoxicity mediated by 
glutamate receptors (Choi, 1988). This type of cell 
death is a major contributor to the neuronal damage 
occurring with heart attack, stroke or any other event 
interfering with the neural vascular supply. Turtle 
cortex, however, appears to be extremely resistant to 
ischemic neuronal death, at least in aquatic turtles 
(Wilson and Kriegstein, 1989). Elucidating the basis 
of the unique resistance of turtle cortex to ischemia 
may provide clues for combating ischemic neuronal 
death in humans (Young et al., 1990). Finally, turtle 
nervous system in general is a favorable model 
for neurophysiological study because it readily lends 
itself to use as an extremely durable in vitro prep- 
aration (Connors and Kriegstein, 1986; Kriegstein 
and Connors, 1986; Larson-Prior et al., 1991). 
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