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Abstract 

Single-label and double-label immunohistochemical tech- 
niques were used to demonstrate the coexistence of sub- 
stance P-like immunoreactivity (SPLI) and cholecystokinin-8- 
like immunoreactivity (CCK-8-LI) in an extensive fiber system 
within the telencephalic cortex of turtle. All SPLI-containing 
fibers and terminals of this system contain CCK-8-LI and vice 
versa. The fibers of this system course from more medial 
cortical regions to more lateral ones, originating either from 
neurons in the more medial cortices or from extracortical 
neurons, the axons of which ascend the medial wall of the 
cortex. The precise location of the neurons that give rise to 
this cortical projection system is uncertain, but a hypothala- 
mic location seems most likely at present. The fibers and 
terminals of this system are found throughout the entire 
mediolateral and rostrocaudal extent of the telencephalic 
cortex of turtle and are largely confined to the cell body layer 
of the cortex. Fewer SPLI/CCK-8-LI-containing fibers are 
found in pyriform (olfactory) cortex than in the other cottices. 
Ultrastructural studies indicate that SPLI/CCK-8-Ll-contain- 
ing terminals make asymmetric synapses on cell bodies or 
their proximal dendrites. Both SPLI and CCK-8-LI are found 
in large dense core vesicles in these labeled terminals. 
Labeled terminals also contained numerous small, round, 
unlabeled vesicles clustered near synaptic release sites and 
a number of unlabeled large dense core vesicles. Quantifi- 
cation of the percentage of the large dense core vesicles 
that were labeled in SP-labeled terminals, in CCK-8-labeled 
terminals, and in terminals labeled for both SP and CCK-8 
provided suggestive evidence that SPLI and CCK-8-LI must 
be contained within the same large dense core vesicles. 

Radioimmunoassay indicated that the SP/CCK-8-contain- 
ing system of turtle cortex contains 0.93 2 0.090 pg of SP/ 
Ag of cortical tissue protein and 0.31 f  0.11 pg of CCK-8/pg 
of cortical tissue protein. The CCK-8-like material in turtle 
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cortex coelutes with CCK-8-sulfate, using gradient elution 
high pressure liquid chromatography (HPLC). The SP-like 
material, although immunologically highly similar to undeca- 
peptide SP (Reiner, A., J. E. Krause, K. T. Keyser, W. D. 
Eldred, and J. F. McKelvy (1984) J. Comp. Neurol. 226: 50- 
75), does not coelute with undecapeptide SP using gradient 
elution HPLC. The SP-like material elutes in a single peak 
that is clearly distinct from those for eledoisin, physalaemin, 
@-neurokinin, and substance P and is consistently distinct 
but near those for substance K and kassinin. 

The function of this SP/CCK-8-containing circuit in turtle 
cortex is presently unclear, as are the roles of the SP-like 
and CCKJ-like materials in this system. Both SP and CCK-8 
have excitatory effects on cortical neurons in mammals, and 
both SP-containing perikarya and fibers and CCK-8-contain- 
ing perikarya and fibers have been found in the neocortex of 
several mammalian groups. Since the telencephalic cortex 
of turtles is generally thought to be an antecedent of at least 
parts of mammalian neocortex, the present results raise the 
possibility that SP and CCK-8 may co-occur in individual 
cortical neurons or fibers in at least some mammals. Previous 
studies have shown that SP and CCK-8 co-occur in neurons 
of central gray and dorsal root ganglia in rats. The SP/CCK- 
8-containing system of turtle cortex may provide a useful 
model system in which to study the interactions of these two 
peptides in influencing the responses of postsynaptic target 
cells. 

A number of recent studies have identified specific neural systems 
in which a neuropeptide is present in the same neurons with a 
conventional neurotransmitter. For example, substance P (SP)3 has 
been found in serotonergic neurons of the raphe (Chan-Palay et al., 
1978; Hokfelt et al., 1978; Char-r-Palay, 1979) the C-terminal octa- 
peptide of cholecystokinin (CCK8) has been found in dopaminergic 
neurons of the ventral tegmental area (Hokfelt et al., 1980a, b), a 
pancreatic polypeptide-like substance (apparently neuropeptide Y) 
has been found in adrenergic neurons of sympathetic ganglia and 
in catecholaminergic neurons of locus ceruleus (Hunt et al., 1981; 
Jacobowitz and Olschowka, 1982) and vasoactive intestinal poly- 

3 The abbreviations used in the text are: CCK8, cholecystokinin-8; CCK- 
8-LI, cholecystokinin-8-like immunoreactivity; CD, dorsal cortex; CDM, dor- 
somedial cortex; CM, medial cortex; CP, pyriform cortex; DAB, diaminoben- 
zidine tetrahydrochloride; FITC, fluorescein isothiocyanate; HPLC, high per- 

formance liquid chromatography; LDCVs, large dense-core vesicles; PAP, 
peroxidase-antiperoxidase; PB, phosphate buffer (pH 7.4); PT, pallial thick- 
ening; RIA, radioimmunoassay; SP, substance P; SPLI, substance P-like 

immunoreactivity; TRH, thyrotropin-releasing hormone; TRITC, tetramethyl 
rhodamine isothiocyanate; VIP, vasoactive intestinal polypeptide. 
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peptide (VIP) has been found in cholinergic neurons of both para- 

sympathetic and sympathetic ganglia (Lundberg et al., 1979; Jo- 
hansson and Lundberg, 1981). The seemingly common co-occur- 

rence of neuropeptides and conventional transmitters within individ- 

ual neurons has been taken to support the suggestion that, in 

general, the role of neuropeptides is to modulate the responses of 
postsynaptic target cells to primary neurotransmitters (Hokfelt et al., 

198Oc). This view is consistent with electrophysiological studies that 

have shown that peptides (e.g., SP and luteinizing hormone-releasing 

hormone) have synaptic actions that are slow in onset, long in 

duration, and often subthreshold for eliciting action potentials 

(Adams and Brown, 1980; Jan et al., 1980; Nicoll, 1982; Nowak and 
McDonald, 1982; Jan and Jan, 1983). Several recent immunohisto- 

chemical studies in mammals and birds have shown that in some 

systems two neuropeptides are present in the same neurons with a 

conventional transmitter. For example, thyrotropin-releasing hormone 

(TRH) and SP have been found in serotonergic neurons of the raphe 
(Johansson et al., 1981), and SP and enkephalin have been found 

in preganglionic cholinergic terminals within the avian ciliary ganglion 

(Erichsen et al., 1982a). In these systems, both peptides may act to 

modulate the responses of the postsynaptic target cells to the 

primary neurotransmitters. In a number of additional neural systems, 

two peptides have been co-localized to individual neurons in which 
the conventional transmitter has not yet been identified, but in which 

a conventional transmitter is presumably present. For example, 

pancreatic polypeptide-like immunoreactivity has been found in 

some enkephalinergic neurons of caudal rat spinal cord (Hunt et al., 

1981), pancreatic polypeptide-like immunoreactivity (apparently in- 
dicating the presence of neuropeptide Y) has been found in telen- 

cephalic somatostatinergic neurons in rats and humans (Vincent et 

al., 1982a, b), SP has been found in enkephalinergic neurons of 

many cell groups of the avian brain (Erichsen et al., 1982a), and 

dynorphin has been found in vasopressinergic neurons in the hy- 

pothalamic magnocellular secretory cell groups of rat (Watson et al., 
1982). In some cases, the coexistence of two or more peptides in 

the same neurons reflects the derivation of the peptides from a 

common precursor molecule (i.e., a single gene product, as in the 

case of the co-localization of ACTH-related peptides and P-endorphin 

in hypothalamic neurons; Watson et al., 1978). In the case of the 
peptides listed above, however, the co-occurrent peptides appear 

to be independent gene products. Although the precise functional 

significance of peptide-peptide coexistence is unclear, such coex- 

istence appears common in the nervous systems of both mammals 

and non-mammals. In the present paper we report our findings on 

the co-occurrence of SP and CCKB in an extensive fiber system of 
turtie telencephalic cortex. These two peptides have also been 

recently reported to co-occur in a population of periaqueductal gray 

neurons (Skirboll et al., 1982) and in some neurons of dorsal root 

ganglion in the rat (Dalsgaard et al., 1982). 

Material and Methods 

The subjects of the present study were adult mud turtles (Kinostemum 
subrubrum), painted turtles (Chrysemys pi&a), and red-eared turtles (Pseu- 
demys scripta). Using standard single-label immunohistochemical tech- 
niques, the coexistence of SP and CCKB in fibers of turtle cortex was 
implled by the similar individual staining patterns for these two peptides. The 
coexistence of SP and CCK8 in turtle cortex was confirmed using a light 
microscopic immunofluorescence double-label procedure used previously 
by Erichsen et al. (1982a) and several other authors (Grimmelikhuijzen, 1983; 
Oertel et al., 1983; Wessendorf and Elde, 1985). The SP- and CCK8- 
containing fibers were subsequently examined individually using single-label 
electron microscopic immunohistochemical techniques in order to determine 
the ultrastructural localization of these peptides. Finally, high performance 
liquid chromatography (HPLC) was used to analyze the chemical nature of 
the immunoreactive substances that had been detected in turtle cortex by 
the immunohistochemical studies, and radioimmunoassay (RIA) was used to 
measure the amounts of these substances in turtle cortex. 

L!ght microscopic techniques 

Turtles were anesthetized deeply with ketamine or sodium pentobarbitol 
and were perfused through the heart with 6% dextran in 0.1 M phosphate 
buffer, pH 7.4 (PB), followed by a solution of 4% paraformaldehyde In PB. 
The brains were then dissected free from the skull, embedded in a thin coat 
of gelatin-albumin, and immersed in 30% sucrose-fixative for 2 days. Brains 
were then sectioned frozen at 35 pm on a sliding microtome. For light 
microscopic studies, both single-label and double-label immunohistochemical 
techniques were used. In single-label studies, either the indirect immunoflu- 
orescence procedure (Weller and Coons, 1954; Coons, 1958) or the perox- 
idase-antiperoxidase (PAP) procedure (Sternberger, 1979) was used. The 
double-label immunofluorescence procedure that was used will be referred 
to as the simultaneous immunofluorescence procedure and is described in 
greater detail below. 

For single-label studies, sections were washed three times in PB and 
incubated either in a C-terminus-specific monoclonal antibody against SP 
raised in tissue culture from rat spleen-mouse myeloma (obtained from 
Accurate Chemical and Scientific Corp.) or in an antiserum raised in rabbit 
directed against the C-terminus octapeptide of cholecystokinin (R5). Details 
of the production, characterization, and specificity of these antisera have 
been described previously (Cuello et al., 1979; Beinfeld et al., 1981). In a 
previous study (Relner et al., 1984), we found that the monoclonal antibody 
against SP yields the same immunohistochemical staining pattern in turtle 
brain as two other antisera directed against the C-terminus of SP, one of 
which (GPP7) was used in the present RIA study (see below), as well as in 
a previous RIA study of the turtle brain (Reiner et al., 1984). The monoclonal 
antibody against SP was used throughout the present immunohistochemical 
studies to achieve uniformity with the double-label studies, which called for 
the use of the rat monoclonal antibody in conjunction with the rabbit anti- 
CCK8 antiserum. Tissue incubations were carried out for 12 to 60 hr using 
a primary antiserum or antibody dilution of 1:lOOO. All antisera for light 
microscopic studies were diluted with PB containing 0.3% Triton X-100. 
Following the incubation in primary antiserum, tissue was washed three times 
in PB and then processed according to either the indirect immunofluores- 
cence procedure or the PAP procedure. Details of our techniques have been 
described previously (Korte et al., 1980; Reiner et al., 1982, 1983). In brief, 
for the immunofluorescence technique tissue was incubated in a secondary 
IgG conjugated to fluorescein isothiocyanate (FITC) (Miles Biochemicals) at 
a dilution of 1:50 for 1 hr at room temperature. Tissue processed with the 
monoclonal antibody was incubated in a secondary antiserum raised in rabbit 
directed against rat IgG. Tissue processed with the anti-CCK-8 antiserum 
was incubated in a secondary antiserum raised in goat directed against 
rabbit IgG. Following the incubations, sections were washed three times in 
PB, mounted on gelatin-coated slides, and coverslipped in a 9:1 solution of 
glycerol and 0.05 M carbonate buffer (pH 9.0). Sections were examined with 
a Leitz Orthoplan microscope using a Ploem epi-illumination fluorescence 
microscopy system. For the PAP method, following incubation in the primary 
antiserum or antibody, sections were incubated in an unlabeled secondary 
antiserum (Miles Biochemicals) at a 150 dilution for 1 hr at room temperature 
(rabbit anti-rat IgG for SP processing; goat anti-rabbit IgG for CCK8 proc- 
essing). Following three washes in PB, sections incubated initially in the SP 
antibody were Incubated in PAP (antiperoxidase raised in rat) for 1 hr at 
room temperature at a dilution of 1:200. Sections reacted with the anti-CCK- 
8 antiserum were similarly Incubated in PAP (antiperoxidase raised in rabbit). 
Sections were then washed three times in PB and reacted in a solution of 
diaminobenzidine tetrahydrochloride (DAB) and H202 (100 mg of DAB/l00 
ml of 0.1 M cacodylate buffer (pH 7.2)/0.5% H202) to demonstrate the 
location of the immunologically bound peroxidase. Sections were then 
washed, mounted on subbed slides, and coverslipped with Permount. 
Specificity of immunoreactivity was determined by preabsorbing the primary 
antiserum or antibody with a 10 PM concentration of the synthetic antigen. 

For the simultaneous immunofluorescence double-label procedure, tissue 
was processed simultaneously for the presence of the two separate tissue 
antigens by using the anti-SP monoclonal antibody and the anti-CCK-8 
primary antlserum (which do not cross-react with each other’s target antigen) 
and two distinct secondary antisera, one of which was specific for the rat 
anti-SP monoclonal antibody and the other of which was specific for the 
rabbit anti-CCK8 antiserum. Each secondary antiserum was raised in goat 
and was con)ugated to a distinct fluorophore (FITC in the case of the anti-rat 
IgG secondary antiserum and tetramethyl rhodamine isothiocyanate (TRITC) 
in the case of the anti-rabbit IgG secondary antiserum). Other commonly 
used double-label procedures involve either successively and separately 
staining the same section for different antigens using the immunofluores- 
cence procedure (e.g., the elution technique of Tramu et al., 1978) or staining 
adjacent thin sections for two different antigens (Watson et al., 1982). 
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Although such other techniques have been used successfully to demonstrate 
peptide-peptide or peptide-transmitter co-occurrence, they are most appli- 
cable to the identification of co-occurrence in perikarya that contain high 
peptide or transmitter levels. The simultaneous immunofluorescence tech- 
nique, in contrast, can be readily used to demonstrate peptide-peptide or 
peptide-transmitter co-localization In all perikarya, fibers, and terminals that 
contain immunohistochemically detectable amounts of the peptides under 
investigation. With the simultaneous immunofluorescence procedure, tissue 
is labeled simultaneously for the presence of two different antigens. The two 
antigens can be separately localized by fluorescence microscopy by suc- 
cessively viewing the tissue using the different excitation/emission filters 
appropriate for the fluorophores used. The rapidity with which the labeling 
for two antigens can be successively examined in tissue stained with the 
simultaneous immunofluorescence procedure makes it possible to unequiv- 
ocally localize the two antigens to the same axons and terminals. This 
characteristic of the simultaneous lmmunofluorescence procedure was es- 
sential for the present study. 

For the simultaneous immunofluorescence procedure, tissue incubations 
were carried out in a primary antisera “cocktail,” containing both anti-SP 
antibody and anti-CCK8 antiserum at 1:lOOO dilutions. After three PB 
washes, the tissue was subsequently incubated in a secondary antisera 
cocktail consisting of an anti-rabbit IgG antiserum (raised in goat) conjugated 
to TRITC and anti-rat IgG antiserum (raised in goat) conjugated to FITC, with 
each at a 1:50 dilution. Tissue was then washed, mounted on slides, 
coverslipped, and examined with fluorescence microscopy as described 
above. 

Electron microscopic studies 

Turtles were perfused transcardially with 6% dextran in PB followed by 
4% paraformaldehyde and 0.2% glutaraldehyde in PB. The brains were then 
removed and postfixed for 1 to 2 hr in the same fixative, followed by overnight 
fixation in 4% paraformaldehyde in phosphate buffer (pH 10.4). Tissue was 
then cryoprotected using a series of glucose-glycerin-PB washes of increas- 
ing sucrose-glycerin concentration (with a terminal concentration of 20% 
sucrose-l 0% glycerin). Tissue was then sectioned frozen on a sliding 
microtome at 70 pm and treated with 1% sodium borohydride in PB for 30 
min. The sections were subsequently processed according to the PAP 
technique (but without the addition of Triton X-100 to any of the antisera), 
after which the tissue was osmicated, rapidly dehydrated with a graded 
series of acetone washes, and embedded in Epon. The Epon-embedded 
sections were examined in the light microscope to locate the labeled cortical 
area of interest. These regions were then cut out of the Epon, glued to a 
carrier block, and sectioned (silver-gold) with a diamond knife and examined 
with a JEOL electron microscope. This procedure for electron microscopic 
immunohistochemistry readily provides penetration of immunochemicals and 
reagents for a depth of 200 to 300 pm, which is considerably greater than 
the section thickness used in the present study. The rationale behind the 
different steps in this procedure has been described in greater detail (Eldred 
et al., 1983). 

Biochemical studies 

SP. As part of a larger study on the distribution and regional content of 
SP In the turtle brain (Reiner et al., 1984), the brains of six turtles were 
dissected into 10 discrete regions and, using RIA, the amount of SP in these 
regions was determined. Aliquots of the tissue extract from the cortical 
samples were subjected to HPLC for the present study. In the steps 
preceding HPLC, the cortical tissue was dissected from the brain, weighed, 
homogenized, and extracted in 2.0 M acetic acid containing 2.5% fl-mercap- 
toethanol. Tissue samples were acid extracted two times and the superna- 
tants were combined, lyophilized, and reconstituted in 0.1% trifluoroacetic 
acid. These reconstituted samples were subjected to HPLC on a Brownlee 
C-8 column using a Waters Associates instrument as described previously 
(Krause et al., 1984). Peptides were eluted using a 1 to 30% exponential 
gradient (50 min) of acetonitrile in 0.1 M sodium phosphate (pH 2.1). Fractions 
were collected and aliquots were directly subjected to RIA using an anti-SP 
antiserum (GPP7, kindly provided by Drs. J. Kessler and I. Black, Cornell 
Medical School) at a 1:240,000 dilution. The GPP7 antiserum shows no 
detectable binding of CCK8 in this RIA. In a previous study we have shown 
that both GPP7 and the monoclonal antibody against SP yield identical 
immunohistochemical staining patterns in the telencephalon of turtles and 
provide similar RIA measurements for the amounts of SP in the various 
regions of the turtle nervous system (Reiner et al., 1984). The chromato- 
graphic migration of the SP-like material of turtle cortex was compared to the 
migration of synthetic undecapeptide SP in this HPLC system. This system, 

provides base line separation of related tachykinins such as SP, eledoisin, 
physalaemln, kassinin, and substance K. 

SP-like immunoreactivity (SPLI) is present in fibers of two layers of turtle 
cortex, the cellular layer and the superficial one fourth of the molecular layer 
(Reiner et al., 1984). The fibers of the molecular layer containing SPLI are 
largely restricted to the medial and dorsomedial cortices. Previous RIA 
determinations for the entire mediolateral extent of the cortex (excluding the 
pyriform cortex) found that the cortex contained 212 pg of SP/mg of wet 
weight tissue. This RIA value combines the levels of SP found In both layers 
of turtle cortex. In the present study it was of Interest to determine the 
amount of SP found in the fibers of only the cellular layer of cortex. To 
determine this, two red-eared turtles were decapitated, and the rostra1 dorsal 
cortex was dissected on ice from the telencephalon. Since the rostra1 dorsal 
cortex does not contain the SP-containing fiber system of the molecular 
layer, it was thought that the concentration of SP in the rostra1 dorsal cortex 
would provide a valid indicator of the cortical concentration of the SP found 
in the fibers of the cellular layer. The RIA determinations were carried out as 
described previously (Krause et al., 1984; Reiner et al., 1984). 

CCK-8. The entire mediolateral extent of the cortex (excluding the pyriform 
cortex) was dissected free on ice from the telencephalon of three turtles 
(different from those used for the SP HPLC described above). Two mud 
turtles (K. subrubrum) and one red-eared turtle were used. The tissue was 
boiled in water and sonicated in ice cold 0.1 N HCI, and an aliquot was 
removed for Lowry protein assay (Lowry et al., 1951). After the tissue extract 
was clarified by centrifugation, an aliquot of the supernatant was removed 
for RIA and neutralized with an equal volume of 0.1 N NaOH. The RIA 
procedure used ?gastrin, with CCK-8-sulfate as the standard. The RIA 
procedure used has been described in greater detail previously (Beinfeld et 
al., 1981). For HPLC, supernatants were combined, clarified by centrifugation, 
and injected onto an Altech column (0.46 X 2.5 cm) run in a linear gradient 
of 20 to 60% acetonitrile in the presence of 0.09% trifluoroacetic acid over 
40 min. One-minute fractions were collected at a flow rate of 1 ml/min. The 
HPLC fractions were dried in a Savant vacuum centrifuge and resuspended 
in water; then, an aliquot was removed for CCK8 RIA. Standards were 
detected optically and with CCK8 RIA. This column separates most major 
CCK peptides (CCK-8-sulfate, CCK-8-desulfate, CCK-4, and CCK-33) and 
gastrin peptides (gastrin 17-l and gastrin 17-11) (Beinfeld, 1981; Beinfeld et 
al., 1983). 

Results 

Light microscopic studies. The roof of the telencephalon in turtles 
has been subdivided into several discrete cortical regions (Johnston, 
1915; Riss et al., 1969). From medial to lateral these regions are: (I ) 
the medial cortex (CM), (2) the dorsomedial cortex (CDM), (3) the 

dorsal cortex (CD), and the pyriform cortex (CP). In addition, the 
pallial thickening (PT), a lateral noncortical extension of the CD, can 
also be included as a portion of the cortical formation (see Fig. 1). 
The rhinal sulcus separates the CD and PT from the CP. The CM, 
CDM, and CD lie superficial to the lateral ventricle. This supraventric- 
ular portion of the cortex consists of three layers: a broad superficial 

molecular layer, a narrow cellular layer, and a narrow subcellular 
layer. The subcellular layer broadens laterally as the CD grades into 
the PT. The CP consists of a superficial molecular layer and a deeper 
cellular layer. These four cortical regions (CM, CDM, CD-PT, and 
CP) span the entire rostrocaudal extent of the telencephalon caudal 
to the olfactory bulb. In telencephalic tissue processed immunohis- 
tochemically for SP, a tangled collection of labeled fibers and 
terminals was observed in the entire rostrocaudal extent of the 
cortex medial to the rhinal fissure, spanning the CM, CDM, CD, and 
PT. This band of SPLI-containing fibers was almost exclusively 
restricted to the cellular layer of the cortex (Fig. 2). The band of 
fibers consisted of numerous individual, sinuous SPLI-containing 
fibers, each containing many en passant terminals (approximately 2 
to 5 pm in diameter) that could be seen to contact neuronal cell 
bodies of the cortical perikaryal layer (Figs. 2 and 3). An identical 
immunohistochemical staining pattern was observed in turtle cortex 
when the GPP7 antiserum was used to stain turtle telencephalon 
(Reiner et al., 1984). Sections through the turtle telencephalon 
processed for CCK8 revealed a pattern of fiber staining in the 
portion of the cortex medial to the rhinal sulcus identical to that seen 
following processing with the monoclonal anti-SP antibody (Fig. 2). 
The CCKS-like immunoreactivity (CCK-8-LI)-containing fibers in cor- 
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figure 7. Low power, high contrast phofomrcrograph of a NW-stained transverse sectron through the telencephalon of a turtle (A) and a matching line 
drawrng of this sectjon (6) showrng the boundaries of the major cell groups. The roof of the turtle telencephalon consists of four distinct cell groups: CM, 
CDM, CD, and CP. The rhinal sulcus (Rh) marks the boundary between CD and CP. CD has a lateral noncortical extension termed PT. In C a photomicrograph 
of the SPLI-containrng fibers of the cellular layers of CD and CDM IS shown. CN, core nucleus of the dorsal ventricular ridge: CO, optic chiasm; DVR, dorsal 
ventricular ridge; d, area d of RISS et al. (1969); n.90, supraoptrc nucleus; SL, lateral septal nucleus; SM, medial septal nucleus. 



The Journal of Neuroscience Substance P/CCK-8 Co-occurrence in Turtle Cortex 1531 

Figure 2. Photomicrographs of transverse sections through CD labeled according to the PAP procedure for SP (A), stained with cresyl violet for Nissl 
substance (B), and labeled according to the PAP procedure for CCK8 (C). Note that a dense collection of fibers and terminals is present in the cellular 
laver of cortex both in tissue stained for SP (A) and in tissue stained for CCK8 (C). The line in B highlights the superficial edge of the cortex. Scale bar = 
100 pm. 

~ I 

tex were also largely restricted to the cellular layer of the cortex, 
spanning CM, CDM, and CD/PT throughout the rostrocaudal extent 
of the turtle cortex (Fig. 4). The morphology of these CCK8U 
containing fibers and their density were identical to those observed 
with the anti-SP antibody. Staining of the cortical fibers with the anti- 
SP antibody could be blocked by IO pM synthetic SP, and staining 
of the fibers with the anti-CCK8 antiserum could be blocked with 
10 PM synthetic CCK8. Staining of the cortical fibers with the anti- 
CCK8 antiserum, however, was not affected by 10 PM synthetic 
SP. Since the anti-SP antibody is a monoclonal antibody specific for 
the C-terminus of SP, it seemed extremely unlikely that synthetic 
CCK8 could block cortical staining with the anti-SP antibody. Con- 
sequently, cross-blocking experiments using the anti-SP antibody 
and synthetic CCK8 were not performed. 

The seeming congruence between the SPLI-containing fibers and 
the CCK&LI-containing fibers of turtle cortex prompted double-label 
studies to determine if, in fact, the same fibers contained both SPLI 
and CCK8-LI. Successive viewing of TRITC labeling and FITC 
labeling in tissue processed according to the simultaneous immu- 
nofluorescence procedure revealed that, apparently, all labeled fi- 
bers of the cellular layer of turtle cortex medial to the rhinal sulcus 
contained both SPLI and CCKS-LI (Figs. 5 and 6). These SPLI/CCK- 
8-LCcontaining fibers were present throughout the entire expanse of 
the cortical area in which both SPLI-containing and CCK8-Ll-con- 
tanning fibers were observed in single-label studies. In addition, a 
few SPLI//CCK-8-LI-containing fibers were observed tn the cellular 
layer of the CP at all topographic levels of the CP, and SPLI/CCK8- 

LCcontaining fibers were present in low density in the molecular 
layer, slightly superficial to the cellular layers of CM, CDM, and CD/ 
PT. On the order of a thousand individual labeled terminals were 
examined throughout the entire extent of the cortex medial to the 
rhinal fissure, and in all cases each terminal was labeled for both 
SPLI and CCK8-LI. However, the relative intensity of the labeling for 
SPLI compared to that for CCK8-LI did seemingly vary slightly from 
individual terminal to individual terminal. In general, these labeled 
terminals, in both single-label and double-label studies, were some- 
what more heavily labeled for SP than for CCK8. 

All SPLI-containing fibers of turtle cortex, however, were not 
restricted to the cellular layer and its immediate vicinity. Diffuse SPLI 
(which was presumed to represent the presence of fine SPLI- 
containing fibers) was observed in the superficial fourth of the 
molecular layer of the CM and CDM in both single-label and double- 
label studies. Fibers containing CCK8-LI were not observed in this 
layer of the cortex. Thus, all immunohistochemically detectible CCK- 
8-LI-containing fibers of cortex appear to contain SPLI and are 
restricted to the cellular layer. In contrast, in telencephalic regions 
outside the cortex, CCK8-LI-containing fibers that did not contain 
SPLI were abundant. In general, the SPLI and CCK-8-LI labeling 
patterns in noncortical regions of the telencephalon were disjunctive 
(Fig. 6) except for a few pericellular terminals in the lateral septum 
and a few scattered fibers in the dorsal ventricular ridge that 
contained both SPLI and CCK8-LI. 

The source of the SPLI/CCK-8-LI-containing fibers in turtle cortex 
wasexamined in a knife cut experiment. Desan (1981) had previously 
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Figure 3. Photomicrographs of 
CM (A) and CDM (B) in tissue la- 
beled for SP according to the PAP 
procedure. The entire depth of cor- 
tex is illustrated in A, and only the 
deeper half of cortex is illustrated in 
i3. Neurons containing SPLI are ob- 
served in the molecular, cellular, and 
subcellular layers of cortex in A and 
in the subcellular layer in B. The 
labeled neuron in /3 can be seen to 
give rise to a fiber (apparently a den- 
drite) that ramifies within the cellular 
layer of cortex. The dendrite of this 
neuron was observed to give rise to 
a thin axon (not evident in the pho- 
tomicrograph) that could be traced 
into but not beyond the cell body 
layer. In addition to the SPLI-contain- 
ing fibers of the cortical layer and 
the SPLI-containing cortical neurons, 
A also illustrates the SPLI-containing 
fibers present in the superficial fourth 
of the molecular layer of cortex. Su- 
perficial and medial are to the leff in 
both photomicrographs, and dorsal 
is toward the top. Scale bars: A = 
100 pm; B = 50 pm. 
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suggested that more medial portions of turtle cortex (including CDM more, the co-occurrence of SPLI and CCKS-LI in cortical neurons 
and CM) give rise to a projectron system that has terminals in the could not be demonstrated, possibly due to the rareness and case- 
cellular layer throughout the entire cortex. In the present study, to-case variability in labeling of CCK8-LI-containing neurons. Re- 
numerous heavily labeled SPLI-containing neurons were observed cently, Desan (1984) and Bruce and Butler (1984) have shown that 
in CM and CDM. In some cases, the processes of these neurons the neurons in the lateral and supramamillary regions of the hypo- 
could be observed to ramrfy in the cellular layer (Fig. 3). These thalamus in turtles and lizards project to the cortex. The route of this 
results suggested that SPLI-containing cortical neurons might give projection into the cortex is uncertain, but it seems likely that this 
rise to intnnsrc SPLI-containing cortrcal fibers. CCKS-LI-containing projection courses via the medial forebrain bundle and enters the 
neurons were, however, rarely observed in CM and CDM. Further- cortex via the medial wall of the telencephalon. Reiner et al. (1984) 
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8-Ll-containing cortical fibers observed in the present study are of 
hypothalamic origin. 

In light of the coexistence of SPLI and CCK-8-LI in apparently all 
labeled fibers of the cellular layer of supraventricular cortex, we 
examined the possibility that the double labeling was spurious. 
Spurious double labeling could occur under several circumstances: 
(1) if the anti-SP primary antibody cross-reacts with CCK8 or if the 
anti-CCK8 primary antiserum cross-reacts with SP, (2) if the anti-rat 
IgG secondary antiserum binds to either the CCK8 antiserum or the 
anti-rabbit IgG secondary antiserum, or if the anti-rabbit IgG second- 
ary antiserum binds to either the anti-SP antibody or to the anti-rat 
IgG secondary antiserum, or (3) if some previously unrecognized 
neuropeptide, whose amino acid sequence contains antigenic de- 
terminants recognized by both the anti-SP antibody and by the anti- 
CCK8 antiserum, is present in turtle cortex. 

It seemed unlikely that either the anti-SP antibody or the anti-CCK- 
8 antiserum cross-reacted with CCK8 or SP, respectively. The anti- 
SP antibody and the anti-CCKB antiserum are specific for the 
C-terminus of SP and the C-terminus of CCKB, respectively (Cuello 
et al., 1979; Beinfeld et al., 1981). No common amino acid se- 
quences are shared by SP and CCK8. Consistent with the reported 
specificity of the anti-CCK8 antiserum, 10 pM SP did not block 
cortical staining with the anti-CCK8 antiserum, whereas this antise- 
rum could be completely blocked with IO pM synthetic CCK8. As 
noted above, similar cross-blocking studies were not carried out with 
the anti-SP antibody due to the reported high specificity of this 
antibody for the C-terminus of SP. It also seemed unlikely that the 
anti-rat IgG secondary antiserum bound to the rabbit anti-CCK8 
antibodies or that the anti-rabbit IgG secondary antiserum bound to 
the rat anti-SP antibody. It further seemed unlikely that the two 
secondary antisera bound to each other, since both were raised in 
goat. I f  binding by either secondary antiserum crossed over to the 
other primary or secondary antisera, then all neurons and fibers 
labeled for SP also should have been labeled for CCK8 and vice 
versa. In fact, numerous SPLI-containing neurons and fibers were 

Figure 4. Line drawings of transverse sections through the rostrocaudal observed in turtle telencephalon that did not contain CCK8-LI (most 
extent of the turtle telencephalon (A to F). Solid circles Indicate the location, 
extent, and relative density of SPLI/CCK-8-LI-containing fibers and terminals 

strikingly in the basal ganglia; see Fig. 6) and vice versa. In addition, 

in the telencephalon of turtle. Medial is to the right in all of the drawings. The 
in both the present study and a previous study using the simulta- 

numbers to the lower left of each section identify the level of that section in 
neous immunofluorescence procedure (Erichsen et al., 1982a), we 

terms of the stereotaxrc atlas of the turtle brain of Powers and Reiner (1980). 
found that incubation of the tissue in only one of the two primary 

A, amygdala; BG, basal ganglia; D/R, dorsal ventricular ridge; H, habenula; antisera followed by incubation in both secondary antisera resulted 

Hy, neurohypophysis; ME, median eminence; PrT, pretectum; R, nucleus in staining only for the one substance against which the non-omitted 
rotundus; S, septum; TEG, tegmentum; TeO, optic tectum; TO, optic tract. primary antiserum was directed. In the present study, we found that 

after omission of the anti-SP antibody from the primary antiserum 

and A. Reiner and M. C. Beinfeld (submitted for publication) have “cocktail” and incubation in both secondary antisera, the fibers of 
observed that these regions of the hypothalamus are rich in SPLI- the cortical cellular layer were stained for CCK8 but not SP. Similarly, 

containing and CCK-&LI-containing neurons. Using the simultaneous omission of the anti-CCK8 antiserum from the primary antiserum 

immunofluorescence procedure, we have observed that SPLI and cocktail followed by incubation in both secondary antisera resulted 

CCK8-LI coexist in many neurons in the lateral and supramamillary in cortical staining for SP but not CCK8. Finally, the possibility that 

portions of the turtle hypothalamus (Fig. 7). In order to examine the the SP-like antigen and the CCK8-like antigen are present as 

possibility that the SPLI/CCK-8-LI-containing fibers course from more portions of a novel neuropeptide found in turtle cortex was explored, 
medial cortical regions to lateral ones (originating either from the as described below, in biochemical studies. In brief, HPLC analysis 
medial portions of the cortex or from neurons whose axons enter indicated that both a distinct SP-like substance and a distinct CCK- 
the cortex via the medial wall), cortical knife cuts were made in 84ike substance are present in turtle cortex and that these sub- 
several turtles using stereotaxic procedures (Powers and Reiner, stances are highly similar or identical to the counterpart peptides 
1980; Brauth et al., 1983). In one turtle, the knife cut separated more that have been extracted from mammalian nervous tissue. 
medial cortical regions (CM and CDM) from more lateral cortical Electron microscopic studies. The ultrastructural distribution of 
regions (CD/PT) through a large portion of one telencephalic hemi- SPLI was indistinguishable from that of CCK8-LI. The following 
sphere. In this turtle, SPLI-containing and CCK-8-LI-containing fibers general description pertains to both. Labeled boutons were located 
were considerably reduced or eliminated, depending on the rostro- at low magnification by their increased electron density and were 
caudal level examined, lateral (and presumably distal) to the knife readily distinguishable from unlabled boutons (Figs. 9 and 10). The 
cut (Fig. 8). Fiber staining medial to the knife cut was somewhat individual labeled boutons that were observed ranged in size from 
attenuated. The basis of the effect on medial cortical regions was 2 to 5 pm in diameter. These labeled boutons were observed to 
unclear but may have involved either retrograde axonal degeneration contact and synapse on cell bodies or their primary dendrites. 
or necrosis due to direct damage to CM and CDM by the knife cut. Numerous unlabeled terminals were also seen to synapse on these 
Since neurons of the lateral and supramamillary hypothalamus pro- cell bodies and dendrites. Labeled terminals contained numerous 
ject to the cortex and since SPLI and CCK-8-LI coexist in neurons small (620 nm), unlabeled, round clear vesicles, which were clus- 
in these hypothalamic regions, it appears likely that the SPLI/CCK- tered in large numbers near presynaptic membrane. In regions of 
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Figs 
CCK8 

rre 5. A parr of photomicrographs of the same field of view of CD in a transverse section that had been processed for the presence of both SP 
according to the srmultaneous rmmunofluorescence procedure. The upper photomcrograph shows the FITC-labeled, SPLI-containing fibers I IT  

layer of turtle cortex. The lower phofomcrograph shows that the same fibers and terminals containing SPLI also are TRITC labeled for the press 
c-8-LI. Medial IS to the left. 

and 
I the 
once 



Frgure 6. Two parrs of photomrcrographs of transverse telencephalrc sections that had been processed for the presence of both SP and CCK8 accordrng 
to the srmultaneous rmmunofluorescence procedure. The upper par of photographs shows the FITC-labeled SPLI-containing fibers (to the left) and the 
TRITC-labeled CCK-8-containing fibers (to the right) in the same field of view of a portion of the CDM. Medial is to the left. Note that all SPLI-containing 
fibers are also labeled for the presence of CCK-8-LI. In the field of view shown in the lower par of photomrcrographs (taken at a lower power than the 
upper), the lateral ventricle IS evident In the middle of the photomrcrograph. CD IS evident above the lateral ventricle, and the paleostnatum augmentatum 
(comparable to the stnatum of mammalian basal ganglia) IS evident below the ventricle. In the lower leff photomrcrograph, FITC-labeled SPLI-containing 
fibers are present In the cellular layer of cortex along the upper edge of the photomicrograph. Along the lower edge of the photomrcrograph, several SPLI- 
containing neurons and a field of SPLI-containing fibers that are very intensely labeled for SP are evident in the paieostnatum augmentatum. In the lower 
right photomrcrograph, the SPLI-containing fibers of the cortex can be seen also to be TRITC labeled for CCK8, but the SPLI-containing neurons and fibers 
of the paleostnatum augmentatum are not TRITC labeled Medial IS to the left in both lower photomrcrographs. 



1536 Reiner et al. Vol. 5, No. 6, June 1985 

Figure 7. Pair of photomicrographs of a transverse section through the supramammilary region of a turtle that had been processed for the presence of 
both SP and CCK8 according to the simultaneous immunofluorescence procedure. The photomicrograph in A shows several FITC-labeled SPLItcontaining 
neurons, and the photomicrograph in El shows that several of the SPLCcontaining neurons (arrows) are also TRITC labeled for the presence of CCK8-LI. 
The asterisk in i3 indicates a CCK8-LI-containing neuron that was not labeled for SPLI. 

synaptic contact, the postsynaptic specialization consisted of a 
relatrvely uniform, lightly electron-dense material adherent to the 
cytoplasmrc face of the postsynaptic membrane. The synapses 
appeared to correspond to the asymmetric type. 

Labeled terminals also contained many mitochondna and large 
dense core vesicles (LDCVs). All organelles within labeled terminals 
were coated with an electron-dense material that was assumed to 
be peroxidase reaction product. The heavy coat of labeling around 
these organelles was the basis of the increased electron density of 
the labeled terminals. In addition, many (but not all) of the LDCVs in 
the labeled terminals contained a conspicuously dense labeling. 
These labeled LDCVs were assumed to contain SPLI or CCK8-LI 
(depending on the antibody used to process the tissue). Both labeled 
and unlabeled dense core vesicles were found throughout the 
labeled terminals, but most frequently the dense core vesicles were 
found near mrtochondria at some distance from the synaptic mem- 
brane. No significant difference in mean diameter was found be- 
tween the LDCVs labeled for SPLI (1454 nm, SEM = 62.4, N = 7) 
and those labeled for CCK8-LI (1211 nm, SEM = 48.2, N = 11). 
Furthermore, no significant difference in mean diameter was found 
between the labeled and unlabeled LDCVs (in SP-labeled terminals: 
1454 nm, SEM = 62.4 for labeled LDCVs, N = 7, and 1370 nm, 
SEM = 34.0 for unlabeled LDCVs, N = 17; in CCK8-labeled 
terminals: 1211 nm, SEM = 48.2 for labeled LDCVs, N = 11, and 
1224 nm, SEM = 52.2 for unlabeled LDCVs, N = 10). 

Based on the presence of unlabeled LDCVs in labeled terminals, 
the question arose as to whether the unlabeled LDCVs in SP-labeled 
terminals contained a CCK8-like material. Similarly, it seemed pos- 
sible that the unlabeled LDCVs in the CCKWabeled terminals 
contained an SP-like material. Examination of a large number of SP- 
labeled terminals and CCK8-labeled termrnals suggested that the 
labeled LDCVs outnumbered the unlabeled LDCVs in both SP- 

labeled and CCK8-labeled terminals. To quantify the percentage of 
labeled versus unlabeled LDCVs in SP-labeled and CCK-8-labeled 
terminals, three observers independently (and blindly as to the 
category to which each labeled terminal belonged) counted the 
number of labeled and unlabeled LDCVs in 13 SP-labeled terminals 
and 15 CCKS-labeled terminals. Only profiles in the measured size 
range of LDCVs and showing the presence of vesicular membrane 
were counted as LDCVs. Labeled LDCVs were identified by com- 
parison to unlabeled LDCVs in adjacent unlabeled terminals. The 
results are presented in Table I. In SP-labeled terminals, 72.2% of 
the LDCVs were labeled, whereas 64.0% of the LDCVs in CCK8- 
labeled were labeled. These percentages are not signficantly differ- 
ent from one another (at the 5% level) by a x2 test (df = 1; x2 = 
2.573). These results indicated that the SP-like material and the 
CCK-8-like material must, at least in part, be present in the same 
LDCVs. To further explore the extent of co-occurrence at the vesic- 
ular level, cortical tissue was simultaneously labeled by the PAP 
method for both SP and CCK8 (Fig. 11). The number of labeled 
and unlabeled LDCVs in SP/CCK-8-labeled terminals was deter- 
mined independently by the same three observers as above. These 
determinations were done at the same time as the determinations 
for the SP-labeled terminals and the CCK8-labeled terminals. Each 
observer worked blindly in terms of the category to which each 
labeled terminal belonged, using the same criteria to identify labeled 
and unlabeled LDCVs as noted previously. I f  the two peptides are 
in fact present in the same LDCVs, we expected that there would 
be no reduction in the percentage of unlabeled LDCVs in the 
terminals labeled for both peptides. Table I shows the results. In 16 
SP/CCK8-labeled terminals, 64.2% of the LDCVs were found to be 
labeled. This percentage is not significantly different (at the 5% 
level) from those for the SP-labeled (df = 1; x2 = 2.580) and the 
CCK8-labeled terminals (df = 1; x2 = 0.0039). Thus, the SP-like 
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Figure 8. Labeling of fibers in the cortex, using the PAP procedure, following a unilateral knife cut separating CD and PT from the more medial cortices. 
Normal SP-labeled (B) and CCK-8-LI-labeled (D) fibers are present in the cellular layer of cortex on the non-transected side of the brain. On the transected 
side of the brain, SP-labeled (A) and CCK84abeled (C) fibers are absent from the cellular layer of CD. This result indicates that the SPLI/CCK-8-LI-containing 
fibers of turtle cortex course from more medial to more lateral cortical regions, originating either from neurons within the more medial cortices or from 
extracortical neurons that send their axons up the medial wall of the telencephalon. Medial is to the right in A and C and to the left in B and D. scale bar = 
200 pm. 



Figure 9. Electron photomicrographs of two SP-labeled terminals in the cellular layer of turtle cortex. Both terminals are making axosomatic synapses that 
appear to be of the asymmetric type. All organelles within the labeled terminals are heavily coated with DAB reaction product. The labeled terminals contain 
numerous unlabeled small, clear round synaptic vesicles that are found in high density near the synaptic site (S) and numerous labeled (L) and unlabeled 
(U) LDCVs. Not all of the LDCVs have been indicated with arrows. Scale bar = 5000 nm. 



F/gure 70. Electron photomicrographs of two CCK84abeled termrnals in the cellular layer of turtle cortex. As in the case of the SP-labeled terminals 
shown In Frgure 9, the CCK84abeled terminals contarn numerous unlabeled, small clear round vesrcfes, labeled LDCVs (L), and unlabeled LDCVs (U). The 
terminals are making axosomatrc synapses (S) that appear to be of the asymmetnc type. Not all of the LDCVs in these terminals have been indicated by 
arrows. Scale bar = 5000 nm. 

1539 
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TABLE I 

Percentage of total number of LDCV. observed to be labeled or unlabeled 
in the three different types of labeled terminals studied 

Percentage of Percentage of 
Category of Labeled Terminal Labeled Unlabeled 

Vesicles Vesicles 

SP-labeled terminals (74 k 6.1)” 72.2 + 4.2b 27.8 f 4.2 
CCK-a-labeled terminals (116 f 8.1) 64.0 t 2.4 36.0 + 2.4 

SP/CCK8-labeled terminals (115 k 2.4) 64.2 + 3.7 35.8 + 3.7 

aNumers In parentheses, total number of LCDVs counted for each 

category of labeled terminal GEM. 
b All values are the means of individual counts (+SEM) done by the three 

observers Criteria used for identification of a profile as an LDCV are 
described in the text. 

material and the CCK-8-like material appear to be present in the 
same LDCVs in turtle cortex. 

Biochemical analysis of immunoreactive peptides. Using expo- 
nential gradient elution HPLC, the bulk of the SPLI in turtle cortex 
elutes in a single profile that is distinct from synthetic SP (see Fig. 
12) on the HPLC system used. This peak was also clearly distinct 
from those for other tachykinins (Harmar, 1984) such as eleodoisin, 
physalaemin, and P-neurokinin and consistently distinct from but 
near those for substance K and kassinin. We have previously found 
that the concentration of SPLI in turtle cortex is 212 pg/mg of tissue, 
as measured by RIA (Reiner et al., 1984). This measurement of SP 
represents a combined value that includes a measurement of the 
SP in the SPLI/CCK-8-LI-containing cortical fibers as well as a 
measurement of the SP in the SPLI-containing fibers of superficial 
medial cortex. RIA analysis of the amount of SP in conical tissue 
that contains only the SPLI/CCK-8-LI-containing fibers indicates that 
0.93 f  0.090 pg of SP/pg of cortical tissue protein is found in the 
SPLI/CCK8-LI-containing fibers. RIA analysis of turtle cortex for 
CCK8 indicated a much lower overall concentration of CCKB than 
of SP in the entire cortex, i.e., 10.4 f  4.2 pg of CCK8/mg of tissue 
(0.31 + 0.11 pg of CCK-8/pg of cortical tissue protein). Since all 
cortical CCK8-LI appears to be present in the SPLI/CCK8-Ll-con- 
taining fibers, the cortical concentration of CCKB found specifically 
in the cellular layer is 0.31 + 0.11 pg/pg of cortical protein. Thus, 
although more SP than CCK8 appears to be present in the SPLI/ 
CCK8-LI-containing fibers, the amounts of SP and CCK8 in the 
SPLI/CCK-8-LI-containing fibers are, nonetheless, of the same order 
of magnitude. The bulk of the CCK8-LI in turtle cortex coelutes with 
CCK-8-sulfate in the HPLC system used in the present study (Fig. 
12). 

Discussion 

The present results indicate that an SP-like material and a CCK8- 
like material co-occur in an extensive fiber system within the cellular 
layer of the telencephalic cortex of the turtle. Every fiber and terminal 
of this system that contains the SP-like material also appears to 
contain the CCK8-like material and vice versa. Knife cut studies 
indicate that this system courses from medial portions of the cortex 
(CDM and CM) to more lateral portions of the cortex (CD/PT and 
CP), terminating in the perikaryal layer throughout the entire extent 
of the telencephalic cortical fields. The source of this projection 
system is not entirely certain at present. Neurons within the more 
medial portions of the cortex may give rise to this system (Desan, 
1981) or neurons outside the cortex may send their axons into the 
cortex via the medial telencephalic wall. Since the coexistence of 
SPLI and CCK-8-LI was not evident in neurons of turtle cortex but 
was evident in many neurons in lateral and supramamillary hypo- 
thalamus, a region known to project to the turtle cortex (Desan, 
1984) it seems most likely at present that lateral and supramamillary 
hypothalamus are the source of the SPLI/CCK-8-LI-containing fibers 
of turtle cortex. The biochemical studies indicate that the CCK8-like 
material in these fibers is indistinguishable from CCK-8sulfate, 

whereas the SP-like material, although highly similar to SP in terms 
of immunological reactivity (Reiner et al., 1984) is distinguishable 
from undecapeptrde SP by gradient elution HPLC. The SP-like 
material found in turtle cortex may represent the SP-like material that 
is characteristically present in the turtle nervous system. The SP-like 
material in turtle cortex is indistinguishable by gradient elution HPLC 
from that found in other portions of the turtle brain, such as the 
basal ganglia (J. E. Krause and A. Reiner, unpublished observations). 
The precise structural differences between undecapeptide SP found 
in mammals and the SP-like material in turtle cortex are presently 
unknown. The RIA data indicate that the SP-like and CCKS-like 
materials are present in molar amounts of the same order of mag- 
nitude in the fibers of the cellular layer of turtle cortex, although 
somewhat more SP-like material than CCK8-like material appears to 
be present. At the ultrastructural level, both SPLI and CCK8-LI are 
found in LDCVs in terminals that synapse on cell bodies or primary 
dendrites. Previous electron microscopic immunocytochemical stud- 
ies have also localized SPLI and CCK-8-LI to LDCVs in other neural 
systems (Rehfeld et al., 1979; DiFiglia et al. 1982a, b; Erichsen et 
al., 1982b; Floor et al., 1982). The synapses of the SPLI/CCK8-LI- 
containing terminals onto cell bodies of turtle cortex appear to be of 
the asymmetric type. The labeled terminals also contain numerous 
small, unlabeled, round clear core vesicles that are clustered in high 
density near synaptic membrane. The presence of these small, 
unlabeled, round vesicles in the labeled terminals indicates that 
these terminals use an additional (as of yet unidentified) transmitter 
substance, i.e., that substance present in the small unlabeled round 
vesicles. In addition, in both the SP-labeled tissue and the CCK8- 
labeled tissue, labeled terminals contained a number (approximately 
35% of the total number of LDCVs) of unlabeled LDCVs. We have 
found that simultaneously staining tissue for both SP and CCK8 
does not result in any demonstrable change in the percentage of 
unlabeled dense core vesicles in labeled terminals. This result 
provides suggestive evidence for the inferences that the SP-like 
material and the CCK8-like material must be present in the same 
LDCVs and that an additional neuropeptide (or neuropeptides) may 
be present in these SPLI/CCK-8-LI-containing terminals. This hypoth- 
esized additional neuropeptide is presumably contained within the 
LDCVs that do not label for either SP or CCK8. Preliminary results 
indicate that immunohistochemically detectable levels of a VIP-like 
substance are present in the SPLI/CCK8LIcontaining fiber system 
of CM and CDM of turtle telencephalon (A. Reiner, unpublished 
observations). Consistent with the possibility that the SPLI/CCK8- 
LCcontaining fibers of turtle cortex originate from lateral and supra- 
mamillary hypothalamus, VIP-like immunoreactivity is present in nu- 
merous neurons of this hypothalamic field in turtles (A. Reiner, 
unpublished observation). 

The function of the SP/CCK8-containing fiber system of turtle 
cortex is unknown. Axosomatic terminals making asymmetric syn- 
apses in the cell body layer of CD in turtle have been observed 
previously (Ebner and Colonnier, 1975). These authors noted, how- 
ever, that the terminals making asymmetric synapses in the cell layer 
of turtle cortex are considerably outnumbered by terminals contain- 
ing small flattened vesicles and making symmetric synapses. Smith 
et al. (1980) have proposed that the predominant input onto the 
soma of neurons of the cortical cellular layer is inhibitory and arises 
from stellate cells of the cortical molecular layer. The SPLI/CCK8- 
LCcontaining terminals of the present study may represent the 
terminals containing round vesicles and making asymmetric syn- 
apses described by Ebner and Colonnier (1975). Neurons of the 
conical cellular layer also receive excitatory thalamic inputs onto 
their dendrites in the molecular layer (Ebner and Colonnier, 1978). 
Thus, the SP/CCK8containing fiber system is not the only system, 
nor even the most morphologically prominent system, influencing 
the activity of neurons in the cellular layer of turtle cortex. The relative 
influences of these different systems on the activity of cortical 
neurons are presently uncertain. 

Previous studies have shown that SP and CCK8 also co-occur in 



figure 7 7. Electron photomrcrographs of two termrnals tn the cellular layer of turtle cortex that have been srmultaneously labeled for both SP and CCK-8. 
The charactenstrcs of these terminals are as described previously for the SP-labeled and the CCK84abeled terminals. Of particular Interest IS the presence 
of both labeled (L) and unlabeled (U) LDCVs in these SP/CCK84abeled terminals. Srncethese termrnals are srmultaneously labeled for both SP and CCK- 
8, the unlabeled LDCVs in these termrnals presumably contain neither SPLI nor CCK8-LI. Quantification of the numbers of labeled and unlabeled LDCVs in 
SP-labeled, CCK8-labeled and SP/CCK-84abeled terminals (see the text) Indicates that the numbers of labeled LDCVs are the same in all three types of 
labeled termrnals, thereby Implying that the SPLI and CCK8-LI co-occur In the same LDCVs. Scale bar = 5000 nm. 
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Figure 72. Combined HPLC-RIA of turtle cortical extracts. In A, a 2.0 M 

acid extract of turtle cortical tissue was subjected to exponential gradient 
HPLC (1 to 30% acetonitrile) over 50 min at a flow rate of 1 ml/mm as 
described under “Mater& and Methods.” SP RIA was performed on aliquots 
of the resultant fractions, Bars represent the amount of SPLI and arrows 
represent the migration of known tachykrnin standards. The tachykrnin 
peptide P-neurokintn is not eluted from the column under these chromatog- 
raphy conditions. Luternizing hormone-releasing hormone was added to the 
tissue extract as an internal standard. The SP-like material in turtle cortex 
was found to elute in this system as a single peak that IS drstrnct from other 
known tachykinins. In i3, a 0.1 N HCI extract of turtle cortical tissue was 
subjected to linear gradient elution HPLC (20 to 60% acetonitrile in the 
presence of trifluoroacetic acid) over 40 mm at a flow rate of 1 ml/mm. CCK- 
8 RIA was performed on aliquots of the resultant fractions. The CCKWike 
material In turtle cortex was found to co-elute as a single peak with authentic 
CCK-8-sulfate fb). ELED. eledoisrn: G17-1, qastrin 17-l; KASS, kassinin; 
LHRH, luteinrzrng’hormone-releasrng hormone.~fHyS, physalaemin; SK, sub- 
stance K. 

central gray neurons and in dorsal root ganglion neurons of rat 
(Dalsgaard et al., 1982; Skirboll et al., 1982). The finding that SP and 
CCK8 co-occur in three different brain regions and in the members 
of two different vertebrate classes suggests that SP and CCK8 may 
be a common pairing of co-occurrent peptides. Whereas SP/CCK- 
8 co-occurrence is readily apparent in turtle cortex, no data are 
available on SP/CCK8 co-occurrence in fibers or perikarya of mam- 
malian cortex. Although high levels of CCKB are found in rat cortex, 

only low levels of SP are found in rat cortex. Higher levels of SP, 
however, have been found in the cortex of other mammals (e.g., the 
baboon) (Beach and McGeer, 1983). In the baboon, SP-containing 
neurons have been reported in at least one of the cortical layers in 
which CCK-8-containing neurons are abundant, i.e., layer 3. Re- 
cently, Gall and Selawski (1983) have demonstrated the existence 
of an SPLI-containing pathway from the supramamillary hypothala- 
mus to the hippocampus in guinea pig. This finding is of interest 
since the available data suggest that the most likely source of the 
SPLI/CCK8-LI-containing fibers in turtle cortex is from the lateral and 
supramamillary regions of the turtle hypothalamus. The mammalian 
data suggest that supramamillary hypothalamus in turtles may proj- 
ect specifically to CM and CDM, a cortical region traditionally 
(Johnston, 1915) assumed to be the reptilian equivalent of the 
mammalian hippocampus. The present data in turtles suggest that 
fibers from the supramamillary region to the hippocampus in mam- 
mals may contain both SPLI and CCK8-LI, as may inputs to the 
mammalian neocortex from the lateral hypothalamus (Tigges et al., 
1982; Donoghue and Parham, 1983). Consistent with these possi- 
bilities, SPLI-containing and CCK8-LI-containing neurons have been 
reported in the lateral hypothalamus and supramamillary hypothala- 
mus in mammals (Ljungdahl et al., 1978; Cho et al., 1983). 

The preliminary finding that SP, CCK8 and VIP all are present in 
the same fibers and terminals in at least a portion of turtle cortex (A. 
Reiner, unpublished observations) suggests that some of the re- 
ported VIP-containing perikarya or fibers of mammalian cortex may 
also contain CCK8. Consistent with this possibility, CCK8 and VIP 
are both found in bipolar neurons of cortical layers 2 and 3 (Mc- 
Donald et al., 1982a, b; Peters et al., 1983). Recently, somatostatin- 
containing neurons have been identified in the telencephalic cortex 
of turtle (Bear and Ebner, 1983). Since these neurons appear to be 
identical in morphology to avian pancreatic polypeptide-like immu- 
noreactivity-containing neurons in turtle cortex (A. Reiner, unpub- 
lished observations), it seems possible that somatostatin co-occurs 
with a pancreatic polypeptide-lake substance in neurons of turtle 
cortex, as is also true in mammals (Vincent et al., 1982a, b). The 
similarities in the peptides found in turtle cortex and in mammalian 
neocortex may be a reflection of a homologous relationship between 
turtle cortex and parts of mammalian neocortex, as has been 
proposed based on several lines of evidence (Hall and Ebner, 1970; 
Nauta and Karten, 1970; Ebner, 1976). The similarities also suggest 
that turtles might be suitable subjects for physiological studies 
exploring the synaptic actions of individual and co-occurrent cortical 
peptides. 

The specific role of SP and CCK-8 in the cortical fiber system of 
turtle cortex is unknown. In other systems in which neuropeptides 
and conventional transmitters have been found to co-occur, it has 
been proposed that the neuropeptides alter the responsiveness of 
the postsynaptic cell to the conventional transmitter (Nicoll, 1982). 
In the case of turtle cortex, SP and CCK8 may act to co-modulate 
neurotransmission effected by the unidentified transmitter found in 
the small vesicles clustered near the synaptic membranes. Alterna- 
tively, SP, CCK-8, and the conventional transmitter in these terminals 
may have independent but complementary actions on the postsyn- 
aptic cells, as may be the case for some other systems showing 
peptide-transmitter co-occurrence (Lundberg et al., 1981 a, b, 1982). 
Other instances of the co-occurrence of two neuropeptides with a 
conventional transmitter have been demonstrated. Neurons of the 
raphe have been shown to contain TRH, SP, and serotonin (Johans- 
son et al., 1981) and perikarya of the avian nucleus of Edinger- 
Westphal and their terminals in the ciliary ganglion have been shown 
to contain SP, enkephalin, and acetylcholine (Erichsen et al., 1982a). 
Since our electron microscopic data suggest that both SP and CCK- 
8 may be present in the same LDCVs in SP/CCK8-containing 
terminals of turtle cortex, SP and CCK8 may be co-released from 
individual terminals. The possible co-release of SP and CCK8 leads 
to the suggestion that SP and CCK8 must have different actions 
on the postsynaptkc cortical neurons, since it seems unlikely that 
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these two peptides would serve redundant functions. In independent 
studies, SP and CCK-8 have been found to have excitatory effects 
on cortical neurons (Phillis and Limbacher, 1974; Phillis and Kirkpa- 
trick, 1980; Lamour et al., 1983). Voltage clamp studies of the basis 
of the excitatory effect of SP on membrane potential have shown 
that, in cultured spinal neurons, SP acts to decrease a specific 
voltage-dependent potassium conductance (Nowak and McDonald, 
1982). Although this action of SP may not be sufficient to produce 
postsynaptic action potentials, it can serve to have an overall 
facilitatory effect on postsynaptic cell firing (Nicoll, 1982). CCK8 
has been found to have excitatory effects on neurons of several 
different regions of the mammalian nervous system, including the 
cortex (Phillis and Kirkpatrick, 1980; Dodd and Kelly, 1981; Ro- 
gawski, 1982; Lamour et al., 1983). Rogawski (1982) has noted that, 
as is true of SP, CCK-8 can facilitate cell firing. Although the precise 
ionic basis of CCK-8’s effect on neurons is uncertain, CCKB has 
been found to decrease membrane conductance in cultured spinal 
cord neurons, and it has been suggested that CCK8 may specifi- 
cally affect potassium conductance in these neurons (Rogawski, 
1982). In other systems, however, CCKB has been found to excite 
neurons while increasing their membrane conductance, e.g., pyra- 
midal neurons of the hippocampus (Dodd and Kelly, 1981). The 
available data, thus, do not provide any unequivocal suggestions as 
to the nature of the presumptively differential synaptic actions of SP 
and CCK8 on cortical neurons in turtles. Both SP and CCK8 clearly 
excite cortical neurons in mammals, but it is unclear whether they 
act on different ionic mechanisms to effect such excitation. 

Regardless of the precise nature of the postsynaptic actlons of 
SP and CCK8, the apparent vesicular co-occurrence of SP and 
CCK8 makes it of interest to determine whether SP and CCK8 are, 
under some conditions, differentially synthesized and packaged in 
the vesicles. Under such circumstances, the ratio of SP to CCK-8 in 
individual terminals might depend on the pattern of stimulation of 
the afferent input to the cells of origin of the SPLI/CCK-8-LI-containing 
terminals. Differences in the ratio of SP release to CCK8 release 
might then be important in determining the precise nature of the 
postsynaptic response. Since SP and CCK8 have been shown to 
co-occur in several systems, further understanding of the interaction 
of SP and CCK8 in producing responses in postsynaptic cells is of 
interest. In light of the extensive and apparently complete co- 
occurrence of these peptides in the presently described fiber system 
of turtle telencephalic cortex, and in light of the utility of the turtle 
telencephalon as an electrophysiological preparation (Waldow et al., 
1981; Connors et al., 1983), turtles may provide a useful model 
system to explore SP/CCK8 interactions in influencing postsynaptic 
target cells. 
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