
age to the middle or inner ears. A tungsten 
electrode is advanced through the skull to a 
point near the cochlear aqueduct [O. W. Henson 
and G.  1). Pollak, Physiol. Behuv. 8, 1185 
( 1  972)l 
\ - -  -,, 

12. This model deals only with the spatial informa- 
tion contained in the difference areas. As such, 
it does not provide a mechanism for localization 
along the vertical midline, where IID's at all 
frequencies will be 0 at all elevations. Such 
neural mechanisms have been presented [Soc. 
Neurosci. Abstr. 9, 213 (198311. 

13. The concept of fixed spatial reference points is 
most plausible if the external ears are immobile. 
Pinna mobility in the mustache bat is limited. 
The very tips of the pinnae can be moved 
laterally, but there is very little rotation of the 
entire external ear. Pinna movement could have 
two influences on the proposed reference 
points: (i) the points could maintain their rela- 
tive positions with respect to one another, but 
encode a different region of space relative to the 
bat's head, or (ii) their relative positions could 
be altered as a result of a change in pinna 
configuration. Whether the mustache hat moves 
its ears at all during flight is not known. 

14. Experiments were conducted in a soundproof 
chamber. Hoop rotation and electrode advance 
were accomplished from outside the chamber. 
Single-unit activity was recorded with 3M KC1 
glass rnicroelectrodes. Binaural response prop- 
erties were quantified by comparing the number 
of impulses generated by sounds delivered to 
either ear alone with sounds presented to both 

ears. In dichotic tests, the intensity at one ear 
was fixed at 10 dB above threshold, while inten- 
sity at the other ear was varied in 10-dB incre- 
ments. Spike counts were obtained with an on- 
line computer. Because of the high degree of 
directionality and rapid attenuation of ultrasonic 
frequencies, cross talk between the two ears 
was limited to 35 dB, as measured by cochlear 
microphonic threshold responses. 

15. Spatial selectivity of neurons was determined by 
measuring threshold at each speaker position. 
Threshold criterion was a response to each of 
ten consecutive stimulus presentations. 

16. N. Suga, W. E. O'Neill, T. Manabe, Science 
203, 270 (1979). 

17. Primarily for simplicity, we have emphasized 
the spectral cues derived from the CF harmonics 
of the echolocation pulse. Also, the frequency 
dependence of ear directionality is most pro- 
nounced when compared at the CF harmonics. 
The frequency-modulated harmonics also con- 
tribute spectral cues likely to further enhance 
spatial resolution. Most bats emit pulses domi- 
nated by a frequency-modulated sweep, and 
Grinnell and Grinnell (8) have proposed that 
thev obtain similar binaural soectral cues from 
theGe s~gnals 

18 We thank J Wenstrup and H. Zakon for their 
comments on this manuscnot. and J. Young for 
preparing the figures. supported by funds From 
PHS grant NS 13276, and NSF grant BNS- 
81 1027. 
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Bimodal Distribution of Dopamine Receptor Densities in 
Brains of Schizophrenics 

Abstract. The dopamine hypothesis of schizophrenia w a ~  examined by mea~uring 
the density of dopamine receptors in the postmortem brains of 81 control subjects 
and 59 schizophrenics from four diferent countries. The densities of dopamine 
receptors in the tissues from the schizophrenic patients had a bimodal distribution in 
the caudate nucleus, putamen, and nucleus uccumbens. One mode occurred 25 
percent above the control density, and a second mode occurred at a density 2.3 times 
that of the control density for all three regions. Although almost all the patients had 
been medicated with neuroleptics, the two modes had the scrme dissociation constant 
for the labeled ligand used, suggesting that the neuroleptic doses were similar for the 
two populations of schizophrenics. The results thus provide direct evidence for two 
distinct categories of schizop/irenia. 

The most consistent neurochemical 
finding relating to  schizophrenia has 
been an increased density of dopamine 
receptors in postmortem brain tissue 
from schizophrenic patients (1). Al- 
though this finding has been generally 
confirmed (2), a few early reports were 
unable to  reproduce it (3); subsequent 
research has revealed elevated densities 
of dopamine receptors in the brain tis- 
sues of schizophrenics treated with neu- 
roleptics (4). These elevations are selec- 
tive for type D2 dopamine receptors (la- 
beled by tritiated neuroleptics), no 
changes being detected in the Dl or D3 
dopaminergic sites or other neurotrans- 
mitter receptors (5). Although neurolep- 
tic treatment seems to elevate receptor 
density (4), brain tissues from neurolep- 
tic-free schizophrenics can occasionally 
show markedly elevated densities (1). 
Thus, to obtain further data on the rela- 
tive effects of illness and neuroleptic 
medication on these changes, we studied 
a new series of tissues under improved 

experimental conditions. We now report 
a bimodal distribution in the elevated 
densities of striatal dopamine receptors 
of neuroleptic-treated patients. 

The dopamine receptors were mea- 
sured by modifications of previous meth- 
ods (6), with a final concentration of less 
than 1 mg of original tissue per final 
milliliter of incubate. Table 1 summa- 
rizes the results. We analyzed tissue 
from 71 controls for the caudate nucleus, 
56 for the putamen, and 47 for the nucle- 
us  accumbens. Some control subjects 
had received neuroleptics before death. 
For  example, three of the Toronto sub- 
jects with Alzheimer's disease had re- 
ceived neuroleptics (40 mg of triflupera- 
zine per day for over a year; 2 mg of 
haloperidol per day for 2 years; the third 
individual, an unknown amount of neu- 
roleptics). One Los Angeles subject 
(control, diagnosis of drug abuse) had 
received perphenazine (16 mg per day) 
for at least 2 months. The densities of D2 
dopamine receptors for these subjects, 

however, were within normal limits. Al- 
most all of the schizophrenic patients 
had been treated with neuroleptics (Ta- 
ble 1). Although 15 schizophrenic pa- 
tients had not received neuroleptics in 
the last month, we considered only those 
patients who had been off neuroleptics 
for a t  least 6 months as  being truly drug- 
free. When such information was uncer- 
tain, we assumed that the patient had 
taken neuroleptics. 

Figure 1 indicates the bimodal pattern 
of the dopamine receptor densities of 
schizophrenics. The two caudate modes 
were about 13 and 127 percent higher 
than the control mode. Table 2 summa- 
rizes the data. The distribution of the 
control values for the caudate nucleus 
was not statistically significantly differ- 
ent from a normal distribution [x2(6) = 
4.13, P = 0.51. For schizophrenics, how- 
ever. caudate values differed significant- 
ly from a single normal distribution 
[x2(6) = 11.6, P = 0.051. 

The distribution of densities in the 
control putamens did not statistically dif- 
fer significantly from a normal distribu- 
tion [X2(6) = 5.46, P = 0.51. The puta- 
mens from schizophrenics had modes 
that were 39 and 154 percent above that 
of the control mode (Fig. I), a distribu- 
tion that was statistically different from a 
single normal distribution [X2(7) = 14.86, 
P < 0.051. 

The control values for the nucleus 
accumbens were not statistically signifi- 
cantly different from a normal distribu- 
tion [X2(6) = 2.8, P = 0.81. The distribu- 
tion of values for the schizophrenic ac- 
cumbens tissues exhibited modes that 
exceeded the control mode by 25 and 102 
percent and thus differed significantly 
from a single normal distribution [x2(8) 
= 13.41, P = 0.051. 

The lower modes for the tissues from 
schizophrenics were thus elevated from 
13 to 39 percent (mean, 26 percent) 
above the control values. This elevation 
is within the range seen in rat striatum 
after long-term administration of neuro- 
leptics, namely between 10 and 50 per- 
cent (7). It is possible, therefore, that 
this low-density mode represents a popu- 
lation of D2 receptors that is normal but 
that has been elevated by the long-term 
administration of neuroleptics during the 
patient's illness. 

The higher modes of 23 to 25 pmollg 
(in the schizophrenic patients) represent 
about a 2.3-fold increase in receptor den- 
sity relative to  the control value. 

The two modes of brain dopamine 
receptor densities reported here in 
schizophrenic patients are consistent 
with, but not necessarily synonymous 
with, the two-syndrome concept of 
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control tissues were 85 2 16 pM (means t- standard error of the mean) for caudate, 83 t 16 pM for putamen, and 118 2 21 pM for the nucleus accumbens. The Kd values for the schizophrenia tissues were - 116 2 47 pM for the caudate, 121 + 41 pM for the putamen, and 142 r 29 pM for the nucleus accumbens. Means are shown in boldface type. 

.l 

9 Vienna Cambridge Los Angeles Toronto s - -- -- 

2 Receptor density 
(pmollg) 

Receptor density (pmollg) Receptor density (pmollg) Receptor density (pmollg) 
Age Age Age Age 

$ (years) Cau- Puta- (years) Cau- Puta- Accum- (years) tau- Puta- Accum- (years) Cau- Puta- Accum- 
date men date men bens date men bens date men bens 

Control tissues 
11.6 60 17.3 

66 15.4 
11.8 24 15.4 
12.4 62 14.1 
12.7 4 1 14.2 
9.1 37+2m 13.3 

72 12.7 
8.2 2 1 13.0 

10.7 43 12.8 
10.7 17 11.5 
10.1 57 11.0 
11.1 56 11.4 
11.1 66 11.0 

40 10.7 
29 7.0 
52 10.5 
47 10.2 
27 8.8 
25 14.5 
56 13.0 

8.8 23 16.5 
11.6 
14.2 
14.5 
11.9 
10.9 44 12.6 

Tissues from schizoohrenics 



A Normal 

10.5 

"- 
O Schizophrenic 

Caudate Putamen Accumbens 

D 2  density (pmollg) 

Fig. 1. Distribution of dopamine receptor densities in caudate nucleus, putamen, and nucleus accumbens tissues from control and schizophrenic 
patients. Each small rectangle indicates one sample of brain tissue. The stippled rectangles indicate patients that had been treated with 
neuroleptics; the white rectangles indicate that the subjects either never took neuroleptics or had not been taking them for at least 6 months 
before death. 

Table 2. Mean dopamine receptor densities from control tissues and tissues from schizophren- 
ics. Standard deviations are given in parentheses. 

Caudate Putamen Accumbens 
Group Density Density Density 

n (pmollg) (pmollg) 
n 

(pmollg) n 

Control 11.3 (3.1) 71 12.7 (3.4) 56 11 .O (2.34) 47 
Schizophrenic 18.8 (7.3) 52 21.8 (9.85) 50 19 (6.4) 32 

schizophrenia suggested by Crow (8). 
The high-density mode might represent 
Crow's type 1 syndrome of hallucina- 
tions and delusions associated with acute 
schizophrenia. The situation cannot be 
so  simple, however, since acute schizo- 
phrenia tends to be diagnosed in patients 
younger than 40 years, whereas the pa- 
tient ages within the high-density group 
ranged from 20 to 77 years. The low- 
density subgroup might be related to 
those schizophrenic patients exhibiting 
ventricular enlargement (8, 9). 

The clinical records and summaries 
available to us in this study were not 
suficiently detailed for us to  try to  relate 
the low- or high-density groups to  the 
presence or absence of tardive dyskine- 
sia. 

It is conceivable that the long-term 
neuroleptic treatment could have result- 
ed in the observed bimodal distribution 
of receptor densities. Although the neu- 
roleptic doses and durations were diffi- 
cult to  obtain and document, there is no 
reason to suppose that the low- and high- 
density subgroups of patients had re- 
ceived different neuroleptic doses. The 
residual presence of neuroleptic (admin- 

istered before death) is reflected in an 
elevated value for the Kd of [3H]spiper- 
one, but the density (B,,,) was unaffect- 
ed. For  example, the presence of 10 n M  
haloperidol as  a final concentration in 
the incubate caused the Kd of [3H]spiper- 
one to  change from 76 to 580 pM, where- 
as  the density remained constant a t  12.5 
pmollg (human putamen, not shown). 
The Kd values for the lower and higher 
density modes in the tissues from schizo- 
phrenic patients, however, were not sig- 
nificantly different, suggesting that the 
two modes were not a result of radically 
different doses of neuroleptics. For  ex- 
ample, the Kd values of the two modes 
for the accumbens tissues from schizo- 
phrenics were 136 k 25 pM (n = 4) and 
143 i 18 pM (n = 8) (mean t standard 
error of the mean), calculated after the 
omission of a singularly high value of 676 
pM for one patient. Likewise, the Kd 
values for the two modes of the schizo- 
phrenic putamens were 116 +. 13 pM 
(n = 12) and 124 1 9 p M  (n = lo), cal- 
culated after omitting two extremely 
high Kd values of 460 and 249 pM. 

It remains to be established experi- 
mentally, in rats, whether long-term neu- 

roleptics would result in a bimodal distri- 
bution of elevated dopamine receptor 
densities. And if the high-density sub- 
group represents a genetically different 
population, one might expect to  observe 
a bimodal distribution of schizophrenic 
dopamine receptor densities in other tis- 
sues (10). 
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(1984). The human postmortem brains were chicks to monopolize (a  process facilitated by aggression). Experimentally cross- 
stored at -700C for as long as approximately fostered heron chicks raised on smallprey by egretparents became siblicidal, but the years. The dissected tissues were flown to To- 
ronto on dry ice from Vienna, Cambridge, and reverse procedure of crosszfostering egret chicks did not reduce aggression or 
Los Angeles. All tissue slices were kept at 
-70°C until used (within 4 months of arrival in 
Toronto). Separate experiments on the same 
human brain tissue indicated little loss (less than 
10 percent) in D~ receptor density over 4 years Siblicide, fatal aggression among sib- rodias) on three islands in Lavaca Bay, 
(unpublished). The brain tissue was weighed lings (1, 2), is a taxonomically wide- Texas (30°39'N, 96"34'W) during the 
frozen, and 9 ml of buffer was added for each 
gram of original tissue. The buffer contained 50 spread phenomenon that can occur pre- summers of 1979, 1980, 1981, and 1982. 

tris-HCI (pH 7.4 at 200C), 120 mM NaC1, natally (3) or postnatally (4). Because it Both species are piscivorous and monog- mM KCI, 1.5 mM CaCI2, 4 mM MgCI, . 6H20,  1 
mM EDTA. 0.1 percent ascorbic acid, and 12 involves the killing of close kin, inclusive amous, with males and females sharing 
IJ.M nialamide. The suspension was homoge- 
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nized in a glass homogenizer with rotating piston fitness theory predicts that siblicide all aspects of parental care. Incubation 
(eight strokes). The homogenate (0.8 ml) was would evolve only when the principal's typically begins after the first egg is laid, 
diluted with 35 ml of buffer, centrifuged (39,000g 
for 30 minutes at ~ o c ) ,  and the pellet resus- own survival is seriously jeopardized, so the 1- to 2-day interval between the 
pended in 35 ml and recentrifuged; the final Although such risk could be expected laying of successive eggs produces com- 
pellet was resuspended in 30 ml of buffer, y~eld- 
ing a concentration of 2.7 mg of original tissue when critical resources are currently o r  parable hatching intervals. Both species 
per milliliter. The suspension was homogenized prospectively inadequate for all brood- frequently experience brood reduction, with a Polytron (Brinkmann PT-10, 20 seconds, 
setting 7). The density of D2 dopamine receptors mates to  survive (3, little is known but the demise of the youngest chick is 
was measured by saturation analysis, through 
the use of 12 concentrations of [ Hlspiperone 
(10 to 1000 pM; 28 to 34 Cilmmol, New England 
Nuclear). Each incubation tube received 0.5 ml 
of buffer, 0.5 ml of ['Hlspiperone, and 0.5 ml of 
homogenized tissue suspension. It was impor- 
tant to use a final concentration of less than 1 mg 
of (original) tissue per final milliliter of incubate, 
because the apparent values for the Kd and the 
receptor density varied directly with the final 
concentration of tissue above 1 mgiml (latter 
reference). Our method generally resulted in a 
Kd of about 84 pM for control human striatum; 
this value can be compared with values of 
between 120 and 700 pM (1-5) reported with 
high concentrations of tissue. Thus, the final 
concentration of tissue was about 0.9 mg of 
original tissue per milliliter (equivalent to less 
than 70 bg of protein per milliliter of final 
incubate). The mixtures were incubated at room 
temperature (20°C) for 120 minutes and then 
filtered (12 tubes simultaneously) by a Titerteck 
cell harvester (Skatron, Lier, Norway), with a 
glass fiber filter mat (two stapled together; Flow 
Lab 78-195-05) and a vacuum of 400 to 500 
mmHg. The filter mat was rinsed for 15 seconds 
with 10 ml of 50 mM tris-HC1 (pH 7.4 at 20°C). 
The filters were monitored for tritium by scintil- 
lation spectrometry at 45 to 50 percent efficien- 
cy. Specific binding was defined as that binding 
of ['Hlspiperone inhibited by the presence of 1 
FM (+)-butaclamol (Ayerst, Montreal). The val- 
ues for the maxlmum number of b~ndlng sites 
(B,,,) and Kd were derived by Scatchard analy- 
sis, wherein the 12 data points for each analysis 
fitted a straight line with a correlation coefficient 
always greater than 0.98. Replicate determina- 
tions of B,,, on different days (for the same 
human tissue) agreed to within 5 percent. The 
d~dgno,~s of ,cli~zophren~a \rd, made b) thc 
po5tmonem evamlndtlon of the cabe record b\ 
i t  least two psychiatrists. The criteria ,>ed we&. 
either identical or similar to thok ?f DSM-I11 
[Diagnostic and Statistical Manual of Mental 
Disorders (American Psychiatric Association, 
Washington, D.C., ed. 2, 1980)l. 

7. P. Muller and P. Seeman, Soc. Neurosci. Abstr. 
2, 874 (1976); Life Sci. 21, 1751 (1977); Psycho- 
phurmucology 60, 1 (1978); P. Seeman, Pharma- 
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about the way in which such resources 
affect sibling aggression. I have pro- 
posed that the degree to which small 
food (6) can be monopolized profitably is 
an important ecological determinant of 
sibling aggression and, therefore, of sib- 
licide (7). I now partially confirm this 
prey size hypothesis by a cross-fostering 
experiment involving two species of co- 
lonial Ardeidae (Aves, Ciconiiformes). 

I studied great egrets (Casmerodius 
albus) and great blue herons (Ardea he- 

effected differently between species. 
Whereas siblicide is the apparent cause 
of death in many, perhaps most, egret 
brood reductions, it was significantly 
rarer in heron nests (8). 

During the first month, aggression in 
egret broods is on the average 18 times 
higher than aggression in heron broods, 
most of which do not fight at all (Table 
I). Egret nestmates quickly form stable, 
age-dependent dominance hierarchies 
that confer distinct feeding advantages to 

Table 1. Fighting rates of broods (three and four chicks) of great egrets and great blue herons in 
Texas. All data are from the first 25 days after the completion of hatching and are expressed as 
means 2 1 standard deviation. 

Natural broods Foster broods* 
Brood size Broods Fighting Broods Fighting 

(No.) ratest (No.) ratest 

Great egrets 
Three chicks 9 1.46 t 1.32 9 1.09 t 1.11 
Four chicks 2 1.42 t 0.16 1 0.69 
Pooled 11 1.45 t 1.22 10 1.05 t 1.05 

Great blue herons 
Three chicks 4 0.08 t 0.17 7 1.51 t 0.75 
Four chicks 9 0.08 .+ 0.14 2 0.38 t 0.29 
Pooled 13 0.08 t 0.14 9 1.26 2 0.83 

*Egret chicks raised by heron adults and heron chicks raised by egret adults (see text). tFighting rates 
were standardized across brood sizes by F,/Nd/N,, where F, is the total fights, Nd is the number of possible 
dyads, and N ,  is the number of days recorded. The number of possible dyads varies w ~ t h  brood size: three- 
chick broods have three possible dyads, and four-chick broods have six. Fighting rates between species show 
significant differences [P < 0.001, analysis of variance (ANOVA) with Scheffk test]. Rates between brood 
sizes within each species were not significantly different (17). 
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