
Brain Research, 426 (1987) 149-156 149 
Elsevier 

BRE 22543 

Somatostatin and neuropeptide Y are almost exclusively found in 
the same neurons in the telencephalon of turtles 
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In mammals, somatostatin and neuropeptide Y (NPY) are largely found in the same neurons of the telencephalon. To determine if 
this is a phylogenetically ancient feature of telencephalic organization, the brain of red-eared turtles was examined using immunofluo- 
rescence double-labeling procedures. The results showed that somatostatin and NPY are found almost exclusively in the same neurons 
in the telencephalon of turtles, but these neuropeptides rarely co-occur in neurons outside the telencephalon. Thus, the extensive co- 
occurrence of NPY and somatostatin appears to be a feature of telencephalic organization that was present in the reptilian common 
ancestors of mammals and modern reptiles. 

The neuropept ides  somatosta t in  (SS) and neuro- 

pept ide Y (NPY) have both been shown to be present  

in many neurons and fibers throughout  the central 

nervous system in a variety of mammal ian  species l' 

,_.7.~,1~.12.~,~5,~ Although these two neuropept ides  

are typically found in different neurons throughout  

much of the mammal ian  nervous system, within the 

telencephalon SS and NPY are largely found in the 
same neurons 5,34"37"38'39"41. Neurons  containing both 

SS and NPY are part icular ly abundant  in the striatal 

port ion of the basal ganglia and in the cortex. Within 

the basal ganglia, essentially all of the SS+ neurons 

contain NPY and almost all of the N P Y +  neurons 

(90% or more)  contain SS 34"37. The neurons contain- 

ing SS and NPY in the str iatum appear  to be medium- 

sized aspiny neurons that have local circuit connec- 

tions within the striatum, but do not  project  outside 

of the striatum 34,37. Within the cortex, nearly all 

NPY+ neurons also contain SS 5'~3'37-3'~, although 

many SS+ cortical neurons (20% in primates)  have 

been observed that do not contain NPY. Several in- 

vestigators have concluded that the cortical neurons 

containing SS and/or  NPY are non-pyramidal  local 

circuit neurons of the cortex13'e4. 

The high degree of co-occurrence of SS and NPY 

at telencephalic levels and the rare co-occurrence of 

these pept ides  outside the te lencephalon is a striking 

feature of the distr ibution of these neuropept ides  in 

the nervous system of mammals .  It would be of inter- 

est to known if this feature of brain organizat ion is 

unique to mammals .  SS has been shown to be a neu- 

ropept ide  whose structure is evolut ionari ly well-con- 

served 16. Fur ther ,  somatostat in  is present  in abun- 

dance and widely distr ibuted in the central  nervous 

system of a number  of different non-mammal ian  spe- 
cies 3'9'14'35"36~42. Immunohis tochemical  studies have 

specifically shown that SS+ neurons are abundant  in 

the telencephalon of amphibians,  repti les and 

birds 3'14'36'42. Little is known, however,  about  NPY 

or its distr ibution in the brains of non-mammals .  

Nonetheless,  there are some immunohis tochemical  

data suggesting that an NPY-l ike pept ide  is present  

and widely distr ibuted in the brains of non-mam- 

mals 15'2°'29'33. Further ,  since other  members  of the 

family of pept ides  to which NPY belongs (i.e. the 

pancreatic polypept ide  family) appear  to be evolutio- 

narily conservative 21. it is likely that the NPY-like 

substances in the brains of these non-mammals  are 
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similar in structure to NPY in mammals. The possible 

colocalization of NPY with SS m neurons of the telen- 

cephalon has not. however, been studied in any non- 

mammalian group. Since mammals are descended 
from reptiles, it seemed reasonable to study the phy- 

Iogenetic antiquity of SS/NPY co-occurrence in tel- 

encephalic neurons in a living reptilian species. 

Among living reptiles, turtles appear to have the 

branch point closest to the mammal- rept i le  diver- 

gence: and thus, red-eared turtles were examined in 

the present study. It was thought that if SS and NPY 

are typically found in the same neurons in the telen- 

cephalon of turtles, then this feature must also have 

been present in the stem reptiles that were the com- 

mon ancestors to both turtles (as well as the other liv- 

ing reptiles) and mammals. 

Male and female adult red-eared turtles (Pseude- 
rays scripta) were used in the present study. Turtles 

were deeply anesthetized with ketamine (l ml/kg) 

and perfused transcardially with 50 - I00  ml of  6% 

dextran in 0.1 M phosphate (pH 7.2) buffer followed 

by 300-400 ml of 4% paraformaldehyde in 0.1 M 

phosphate buffer (pH 7.2). The brains were post- 

fixed overnight in the same fixative in 0.1 M phos- 

phate buffer (pH 10.5). Although some turtles re- 

ceived intraventricular injections of colchicine 

(100-200 mg in 3 ml) 5 days prior to being sacrificed, 

it was found that it was not necessary to use colchi- 

cine to visualize the neurons containing SS and NPY. 

Single-label immunohistochemical techniques were 

used in the present study, as described previous- 
ly 27'30'32, to separately study the distributions of SS 

and NPY in the brain of red-eared turtles. A simulta- 
neous immunofluorescence double-labeling proce- 

dure was used to examine the co-localization of NPY 

and SS. The details of this double-labeling procedure 
have been described previously 4,H'26'2s'3t'43. To label 

SS+ perikarya, a mouse monoclonal  antibody that is 

highly specific for SS was used 4°. This antibody was 

used at a 1:500 dilution and its production and 
characteristics have been described previously 4°. An  

antiserum raised in sheep and directed against NPY 

was used to localize N P Y +  perikarya. This antise- 

rum, which was used at a 1:500 dilution, appears to 

be specific for NPY 4. The production and character- 

istics of  this antiserum have been described previous- 
ly 4. 

Single-labeling studies showed that the distribu- 

tion of SS observed with the monoclonal antibody 

was indistinguishable, both at telencephalic levels 

and at subtelencephalic levels, from that previously 
described for the turtle brain by Bear and Ebner  3 and 

Weindl et al. 42, each of  whom used a different poly- 

clonal anti-SS antiserum. The anti-NPY antiserum 

also yielded labeling of numerous perikarya through- 

out the brain, but the distribution of N P Y +  neurons 

in the midbrain and hindbrain showed little overlap 

with the distribution of SS+ perikarya. At  the levels 

of the hypothalamus and in the telencephaion, the 

distributions of NPY and SS showed considerable 

overlap. In the case of specific portions of the telen- 
cephalon (such as the basal ganglia, dorsal ventricu- 

lar ridge or cortex), the neurons singly labeled with 

either the anti-SS antibody or the anti-NPY were in- 

distinguishable from one another in their morpholo- 

gy. Since these results implied the possible colocal- 

ization of SS and NPY, at least at telencephalic lev- 

els, this possibility was examined directly using the si- 
multaneous immunofluorescence procedure.  

To carry out this double-labeling procedure,  sec- 

tions were simultaneously incubated at 4 °C for 

48-72 h in a primary antisera cocktail containing 

each primary antiserum at a 1:50(I dilution. The sec- 
tions were subsequently washed 3 times in 0,1 M 

phosphate buffer and then incubated at room tem- 
perature for 1 h in a secondary antisera cocktail con- 

taining rabbit anti-sheep lgG conjugated to fluores- 

cein isotl'fiocyanate (at a 1:50 dilution) and rabbit 

Fig. 1. The upper pair of photomicrographs (A and B) shows a single field of view of turtle dorsal cortex from a section that had been 
simultaneously fluorescein-labeled for NPY (A) and rhodamine-labeled for SS (B). Superficial is toward the top in both photomicro- 
graphs. A was taken with the filters for viewing fluorescein in place, while B was taken shortly thereafter with the rhodamine filters in 
place. As can be seen, all 4 of the NPY+ neurons shown in A were also labeled for SS, as shown in B. The lower pair of photomicro- 
graphs (C and D) shows a single field of view of turtle medial cortex from a section that had been simultaneously fluorescein-labeled 
for NPY (C) and rhodamine-labeled for SS (D). Superficial is toward the top in both photomicrographs. C was taken with the filters for 
viewing fluorescein in place, while D was taken shortly thereafter with the rhodamine filters in place. As can be seen, all of the NPY+ 
neurons shown in C were also labeled for SS, as shown in D. 
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anti-mouse lgG conjugated to tetramethylrhodamine 

isothyocyanate (at a 1:50 dilution), All antisera were 

diluted with a solution of 0.1 M phosphate buffer (pH 
7.2), containing 0.3% Triton X-100 and 0.02% sodi- 
um azide, as described previously 26-2~'3°-32. The sec- 

tions were then washed 3 times in phosphate buffer 
and mounted on gelatin-coated slides. After air-dry- 

ing, the sections were cover-slipped with a solution of 
9:1 glycerin-0.05 M carbonate buffer (pH 9.0) and 

examined with a Leitz epi-illumination fluorescence 

microscopy system. It was then possible to identify 
the NPY+ neurons in a single field of view using the 

filters for visualizing fluorescein and determine if any 

of those neurons were labeled for SS by switching to 

the rhodamine filters (without changing the field of 

view). Control procedures were carried out as de- 

scribed previously to ensure that the double-labeling 

observed was not the spurious consequence of unin- 

tended antisera cross-reactivity or of fluorophore 

cross-emission. The efficacy of this double-labeling 

procedure has been clearly demonstrated in several 
previous studies 4 ~ ~ ,2(, 2s.3 ~ .~ 

The double-labeling studies revealed that nearly 

all of the neurons within the telencephalon that con- 

tained either NPY or SS contained both. Less than 
5% of the labeled neurons labeled for either did not 

contain both, Regions where NPY+/SS+ neurons 

were particularly abundant included the 3 cortical 

fields (the medial cortex, the dorsal cortex and the ol- 

factory cortex) (see Fig. 1), the dorsal ventricular 

ridge (which embryologically and hodologically re- 
sembles the neocortex in mammals 22>) and the stria- 

turn (Fig. 2). The neurons in the cortex tended to be 

large stellate neurons (20-25/~m in diameter) resem- 
bling mammalian non-pyramidal cortical neurons, 

while the striatal neurons tended to be medium-sized 

(12-18 j~m in diameter) and more fusiform in shape, 

as has been described in previous studies on the dis- 
tribution of SS in the turtle telencephalon3"42: Pre- 

vious studies on turtles have also reported that some 

SS+ perikarya are present within the boundaries of 

the pallidal portion of the turtle basal ganglia 3 and we 

found that these neurons also were typically double- 

labeled for both SS and NPY. Neurons that were sin- 

gle-labeled for SS or NPY did not appear to be con- 

centrated in any one portion of the telencephalon. 

There were some differences, however, between the 

basal ganglia and other portions of the telencephalon 

in terms of the types of single-labeled cells present. 

Specifically, in the cortex and dorsal ventricular 

ridge, the neurons that did not containboth NPY and 

SS tended to be labeled for SS, while in the basal gan- 

glia the neurons that did not label for both NPY and 

SS tended to be labeled for NPY. In contrast to the 

extensive co-occurrence of SS and NPY in telenceph- 

alic neurons, within the diencephalon SS and NPY 

were not observed to be co-localized in the same neu- 

rons. This was true even in the hypothalamus (Fig. 

2), in which SS+ perikarya and NPY+ perikarya are 
present and show some overlap in their distributions. 

The observation that diencephatic neurons were not 

double-labeled further reinforces the conclusion that 

the extensive double-labeling observed in the case of 

telencephalic neurons was not due to an artifact of 

the double-labeling procedure employed. 

The present results thus indicate that, as in mam- 
mals, NPY and SS are largely found in the same neu- 

rons at telencephalic levels. In mammals, these neu- 

rons are abundant in the striatum and cortex. Simi- 
larly, in turtles, these neurons are abundant in both 

the striatum and in the cortical or cortex-like regions 
(i.e. the dorsal ventricular ridge) overlying the basal 
ganglia. Further, the morphology of the cortical 

SS+/NPY+ neurons appears to be similar in turtles 

Fig. 2. The upper pair of photomicrograhs  (A and B) shows a single field of view of turtle str iatum from a secti~m that  had been simuit~t- 
neously fluorescein-labeled for NPY (A) and rhodamine-labeled for SS (B). The  lateral ventricle is evident toward the upper right in 
both photomicrographs.  A was taken with the filters for viewing fluorescein in place, while B was taken shortly thereaf ter  with the rho- 
damine filters in place. As can be seen, all of the N P Y +  neurons shown in A were also labeled for SS, as shown in B. C and D show a 
single field of  view of turtle basal hypotha lamus  (Hy) from a section that had been simultaneously fluorescein-labeled for NPY (C) and 
rhodamineqabeled  for SS (D). The  median  eminence (ME) is evident along the lower edge of both photomicrographs.  C was taken 
with the filters for viewing fluorescein in place, while D was taken shortly thereafter  with the rhodamine filters in place. As can hc 
seen, the labeling pattern for NPY in C is clearly different than that for SS, as shown in D. Neurons labeled for NPY in (" are m~t 
labeled for SS in D and vice versa. Further ,  the distributions of labeled terminals in tile median eminence,  although showing some 
overlap for NPY and SS, are also clearly different, with the N P Y +  terminals being more broadly distributed and the SS+ fibers being 

more concentrated in a narrow band. 
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and mammals, as is also true of the striatal SS+/ 
NPY+ neurons in both groups. These considerations 

suggest that the cortical and striatal SS+/NPY+ neu- 
rons in mammals are homologous as populations to 
the cortical and striatal SS+/NPY+ neuronal popula- 
tions, respectively, in turtles. Based on the definition 
of the term homology, another way of stating this 
conclusion is that the present results support the in- 
ference that cortical and striatal SS+/NPY+ neurons 

were present in the telencephalon of the reptilian 
common ancestor of mammals and turtles, and both 
mammals and turtles have inherited their popula- 
tions from this ancestor. Further evidence favoring 

this conclusion would be provided if it were shown 
that SS and NPY also co-occur extensively in telen- 
cephalic neurons in the members of the other repti- 

lian groups (lizards, snakes and alligators) and in 
birds. 

Assuming that there has been some degree of con- 
servatism also in the role that the SS+/NPY+ neu- 
rons play in telencephalic function, one implication 
of the present results is that it may be possible to 
learn about the overall functional significance of 
these telencephalic neuronal populations by studying 
them in turtles. Recent studies by Kriegstein et al. 

have shown that the turtle telencephalon is a useful 
model system for physiological and pharmacological 
approaches for studying neurotransmitter- and neu- 
ropeptide-mediated interactions among different 
neuronal populations 6'~7"1s. Since little is known of 

the functional significance of the co-occurrence of SS 
and NPY or of the possible synergistic postsynaptic 
actions these neuropeptides have in the telenceph- 
alon, turtles might provide a good model system in 
which to explore the role of the neurons containing 
these substances in cortical and striatal functions. 

Although the present results suggest that SS+/ 
NPY+ neurons were present in the telencephalon of 
stem reptiles, this neuronal population may have, in 
fact, arisen even before the evolutionary appearance 
of reptiles. Several published studies indicate that SS 
is present in telencephalic neurons in amphibians and 
fish ')'14'3(~, and there is evidence to indicate that NPY 

is also found in telencephalic neurons m fish and am- 
phibians (ref. 33 and A. Reiner, unpublished obser- 
vations). Although the co-occurrence of SS and NPY 

in telencephalic neurons in amphibians and fish has 
not yet been explored, the data from these single- 

labeling studies raise the possibility that these telen- 
cephalic neurons arose very early in vertebrate evo- 
lution. 

The fact that many SS+/NPY+ neurons are pres- 
ent in both the basal ganglia and cortex (two dispa- 

rate telencephalic regions), but essentially nowhere 
else in the brain in turtles and mammals, however, is 
puzzling. One hypothesis to account for the common 
presence of SS+/NPY+ neurons in both striatum and 
cortex is that the SS+/NPY+ neurons may have ari- 
sen before the pallial portion of the telencephalon 
(which corresponds to the cortical portion in land 
vertebrates) and the basal ganglia were distinct tel- 
encephalic regions. A pallium and basal ganglia, 
however, have been identified in all jawed verte- 
brates 23'29'33. Thus, if the basal ganglia and pallium 

did differentiate from a common telencephalic region 
during vertebrate evolution, such a differentiation 
must have occurred before the evolutionary appear- 
ance of jawed vertebrates. If, in fact, SS+/NPY+ 
neurons appeared within the telencephaton of primi- 
tive vertebrates before the telencephalon had be- 
come differentiated into a pallium and basal ganglia, 
then SS+/NPY+ neurons should be present in the 
pallium and basal ganglia of all jawed vertebrates. 
Further studies will be required to see if this is the 
case and to see if such neurons are also present in the 
brains of living agnathans. 
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