
Previous attempts to delineate fea- 
tures important for binding at the opiate 
receptor (5-7) have been based primarily 
on the effect of substitution on activity. 
Our study provides structural data that 
can be used as a basis for understanding 
the activity of various analogs. For ex- 
ample, the observed 4 and ? torsion an- 
gles of both Gly residues describe a con- 
formation that is forbidden to L-amino 
acids, and therefore the activity of the D- 

Ala2 analog (7, 17) should not be unex- 
pected since this amino acid can easily 
adopt the conformation of Gly2 and at 
the same time provide protection against 
proteolysis. The activity of the N- 
methyl-Tyr1 (7) analog can also be under- 
stood on the basis of the solid state re- 
sults since the primary amino group has 
sufficient space around it for one or two 
methyl groups without disrupting either 
the hydrogen bonding scheme or the 
overall conformation. However, the ac- 
tive D-Ala2, N-methyl-Phe4 (17) analog 
must have a different conformation from 
that observed in our study because of the 
bulk of the additional methyl group and 
the loss of one of the hydrogen bonds. 

Other investigations have enumerated 
chemical features important for activity 
at the opiate receptor (5-7, 17). Our 
study provides a rational basis for the de- 
lineation of five regions (Fig. 3) which 
are important, but not all necessary, for 
opiate activity: (i) a phenyl hydroxyl 
group, attached to the A ring of mor- 
phine, analogous to the Tyr hydroxyl of 
enkephalin; (ii) an amino nitrogen, the 
tertiary nitrogen of morphine, analogous 
to the primary amino group of enkepha- 
lin [H-Tyr]; (iii) a hydrophobic region, 
the C(7)-C(8) face of morphine located in 
the same region as the Leu side chain 
and analogous Met side chain in 
[Met5]enkephalin; (iv) a hydrophilic 
group in the region of the 0(6) of mor- 
phine, which corresponds to the carbox- 
yl terminus of enkephalin; and (v) a 
phenyl ring, which is missing in morphine 
but identified as the F ring in a number of 
more potent opiate drugs, and which cor- 
responds to the relatively unconstrained 
Phe side chain of enkephalin. 

Thus, the peptide backbone of en- 
kephalin stabilized by two intra- 
molecular hydrogen bonds provides the 
rigid frame to which the side chains are 
attached in a specific spatial relationship. 
Optimal binding to the opiate receptor is 
accomplished by minor adjustments to 
the orientations of these side chains by 

Previous attempts to delineate fea- 
tures important for binding at the opiate 
receptor (5-7) have been based primarily 
on the effect of substitution on activity. 
Our study provides structural data that 
can be used as a basis for understanding 
the activity of various analogs. For ex- 
ample, the observed 4 and ? torsion an- 
gles of both Gly residues describe a con- 
formation that is forbidden to L-amino 
acids, and therefore the activity of the D- 

Ala2 analog (7, 17) should not be unex- 
pected since this amino acid can easily 
adopt the conformation of Gly2 and at 
the same time provide protection against 
proteolysis. The activity of the N- 
methyl-Tyr1 (7) analog can also be under- 
stood on the basis of the solid state re- 
sults since the primary amino group has 
sufficient space around it for one or two 
methyl groups without disrupting either 
the hydrogen bonding scheme or the 
overall conformation. However, the ac- 
tive D-Ala2, N-methyl-Phe4 (17) analog 
must have a different conformation from 
that observed in our study because of the 
bulk of the additional methyl group and 
the loss of one of the hydrogen bonds. 

Other investigations have enumerated 
chemical features important for activity 
at the opiate receptor (5-7, 17). Our 
study provides a rational basis for the de- 
lineation of five regions (Fig. 3) which 
are important, but not all necessary, for 
opiate activity: (i) a phenyl hydroxyl 
group, attached to the A ring of mor- 
phine, analogous to the Tyr hydroxyl of 
enkephalin; (ii) an amino nitrogen, the 
tertiary nitrogen of morphine, analogous 
to the primary amino group of enkepha- 
lin [H-Tyr]; (iii) a hydrophobic region, 
the C(7)-C(8) face of morphine located in 
the same region as the Leu side chain 
and analogous Met side chain in 
[Met5]enkephalin; (iv) a hydrophilic 
group in the region of the 0(6) of mor- 
phine, which corresponds to the carbox- 
yl terminus of enkephalin; and (v) a 
phenyl ring, which is missing in morphine 
but identified as the F ring in a number of 
more potent opiate drugs, and which cor- 
responds to the relatively unconstrained 
Phe side chain of enkephalin. 

Thus, the peptide backbone of en- 
kephalin stabilized by two intra- 
molecular hydrogen bonds provides the 
rigid frame to which the side chains are 
attached in a specific spatial relationship. 
Optimal binding to the opiate receptor is 
accomplished by minor adjustments to 
the orientations of these side chains by 
rotations about the C(a)-C(/3) and C(,6)- 
C(y) bonds. 
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ing. 

Hughlings Jackson (1) in 1884 pro- 
posed that functional processes in the 
human nervous system are hierarchically 
organized, with the higher levels being 
increasingly unconstrained or plastic, 
complex, and voluntary as opposed to 
automatic. Jackson recognized that fac- 
tors that reduce central nervous system 
(CNS) vigilance selectively affect the 
highest levels of integration, an idea 
which Head later extended in his writ- 
ings (2). By vigilance was meant the gen- 
eral state of nervous system activation 
that is now thought to be reflected as 
electrocortical desynchronization and 
autonornic arousal (3). 

These early investigations studied the 
level of integration that may be accom- 
plished when the capacity of the nervous 
system to sustain a normal state of acti- 
vation has been impaired by either in- 
jury, disease, or the effects of drugs (2). 
A modern example of this experimental 
approach is the discovery that the apha- 
gia and adipsia following lateral hypotha- 
lamic lesions are due in large part to a 
disruption of endogenous activation sys- 
tems and that with recovery of these sys- 
tems the hierarchically organized pro- 
cesses governing feeding and drinking 
return in a Jacksonian sequence of in- 

ing. 

Hughlings Jackson (1) in 1884 pro- 
posed that functional processes in the 
human nervous system are hierarchically 
organized, with the higher levels being 
increasingly unconstrained or plastic, 
complex, and voluntary as opposed to 
automatic. Jackson recognized that fac- 
tors that reduce central nervous system 
(CNS) vigilance selectively affect the 
highest levels of integration, an idea 
which Head later extended in his writ- 
ings (2). By vigilance was meant the gen- 
eral state of nervous system activation 
that is now thought to be reflected as 
electrocortical desynchronization and 
autonornic arousal (3). 

These early investigations studied the 
level of integration that may be accom- 
plished when the capacity of the nervous 
system to sustain a normal state of acti- 
vation has been impaired by either in- 
jury, disease, or the effects of drugs (2). 
A modern example of this experimental 
approach is the discovery that the apha- 
gia and adipsia following lateral hypotha- 
lamic lesions are due in large part to a 
disruption of endogenous activation sys- 
tems and that with recovery of these sys- 
tems the hierarchically organized pro- 
cesses governing feeding and drinking 
return in a Jacksonian sequence of in- 

0036-8075/78/0317-1216$00.50/0 Copyright ? 1978 AAAS 0036-8075/78/0317-1216$00.50/0 Copyright ? 1978 AAAS 

10. M. A. Khaled, M. M. Long, W. D. Thompson, 
R. J. Bradley, G. B. Brown, D. W. Urry, ibid. 
76, 224 (1977). 

11. J. L. DeCoen, C. Humblet, M. H. J. Koch, 
FEBS Lett. 73, 38 (1977); Y. Isogai, G. Ne- 
methy, H. A. Sheraga, Proc. Natl. Acad. Sci. 
U.S.A. 74, 414 (1977); F. A. Momrnany, Biochem. 
Biophys. Res. Commun. 75, 1098 (1977). 

12. A. F. Bradbury, D. G. Smyth, C. R. Snell, Na- 
ture (London) 260, 165 (1976). 

13. A. S. Horn and R. Rodgers, J. Pharm. Pharma- 
col. 29, 257 (1977). 

14. D. A. Langs and G. T. DeTitta, in Tenth Inter- 
national Congress of Crystallography, Collect- 
ed Abstracts, abstr. No. 02.2-14. The computer 
program was written by D. A. Langs, Medical 
Foundation of Buffalo, Inc., Buffalo, N.Y. 

15. L. Gylbert, Acta Crystallogr. B29, 1630 (1973). 
16. A rotation of 30? about the C(a)-C(/8) bond of 

the Tyr side chain orients the phenoxyl groups 
of enkephalin and morphine to a 1.2-A separa- 
tion. 

17. H. H. Blischer, R. C. Hill, D. Romer, G. Cardi- 
naux, A. Closse, D. Hauser, Nature (London) 
260, 165 (1976). 

18. Figures 2 and 3 were drawn on PROPHET, an 
NIH-sponsored biomedical computer network. 
We thank D. Rohrer for the supervision of data 
collection. Coordinates are available from 
G.D.S. or J.F.G. on request. Supported by PHS 
grant GM-19684. 

4 October 1977; revised 29 November 1977 

10. M. A. Khaled, M. M. Long, W. D. Thompson, 
R. J. Bradley, G. B. Brown, D. W. Urry, ibid. 
76, 224 (1977). 

11. J. L. DeCoen, C. Humblet, M. H. J. Koch, 
FEBS Lett. 73, 38 (1977); Y. Isogai, G. Ne- 
methy, H. A. Sheraga, Proc. Natl. Acad. Sci. 
U.S.A. 74, 414 (1977); F. A. Momrnany, Biochem. 
Biophys. Res. Commun. 75, 1098 (1977). 

12. A. F. Bradbury, D. G. Smyth, C. R. Snell, Na- 
ture (London) 260, 165 (1976). 

13. A. S. Horn and R. Rodgers, J. Pharm. Pharma- 
col. 29, 257 (1977). 

14. D. A. Langs and G. T. DeTitta, in Tenth Inter- 
national Congress of Crystallography, Collect- 
ed Abstracts, abstr. No. 02.2-14. The computer 
program was written by D. A. Langs, Medical 
Foundation of Buffalo, Inc., Buffalo, N.Y. 

15. L. Gylbert, Acta Crystallogr. B29, 1630 (1973). 
16. A rotation of 30? about the C(a)-C(/8) bond of 

the Tyr side chain orients the phenoxyl groups 
of enkephalin and morphine to a 1.2-A separa- 
tion. 

17. H. H. Blischer, R. C. Hill, D. Romer, G. Cardi- 
naux, A. Closse, D. Hauser, Nature (London) 
260, 165 (1976). 

18. Figures 2 and 3 were drawn on PROPHET, an 
NIH-sponsored biomedical computer network. 
We thank D. Rohrer for the supervision of data 
collection. Coordinates are available from 
G.D.S. or J.F.G. on request. Supported by PHS 
grant GM-19684. 

4 October 1977; revised 29 November 1977 

creasing complexity (4). However, it ap- 
pears that the level of activation in the 
normal organism is not fixed, but varies 
from moment to moment and task to task 
according to the processing demands 
placed upon the nervous system (5). 

We now report the results of two ex- 
periments that suggest that hierarch- 
ically organized cognitive processes vary 
in the degree to which CNS activation is 
mobilized during their execution. The 
cognitive task employed was letter 
matching, in which a pair of visually pre- 
sented upper case letters, lower case let- 
ters, or one of each are judged by an ob- 
server to be the same or different (6). If a 
name criterion is employed as in the first 
experiment, letter pairs may be judged to 
be the same if they are orthographically 
identical (for example, AA or aa) or dif- 
fer in orthography but share the same 
name (for example, Aa). Only the phys- 
ical features of the former pair need be 
processed before a judgment can be 
reached, whereas the stimuli must be 
processed at the higher level of naming 
for the latter type of pair. When a cate- 
gory criterion is used, as in the second 
experiment, letters are judged same if 
they belong to a common category, vow- 
els or consonants. In this case a third 
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Pupillometric Signs of Brain Activation Vary with 

Level of Cognitive Processing 

Abstract. The idea that hierarchically higher brain processes require greater 
amounts of central nervous system vigilance or activation for their execution was 
tested in two experiments measuring pupillary dilation during the decision interval of 
a hierarchically structured letter-matching task. Larger dilations indicative of in- 
creased activation were observed for letter pairs requiring higher levels of process- 
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type of same judgment is introduced in 
which a physical comparison is made at 
the lowest level, then the names are ex- 
tracted, and then membership in a com- 
mon category is judged (for example, Ae 
or BR). Posner and Mitchell (7) have pre- 
sented convincing arguments from reac- 
tion-time data that the processes of fea- 
ture analysis, name code extraction, and 
category membership testing are hier- 
archically organized. In Jackson's (1) 
terms, matches made at the physical, 
name, and category levels are ordered by 
increasing plasticity and complexity and 
decreasing automaticity of the central 
processes by which they are mediated. 
Extending Head's reasoning, one would 
expect that decision processes executed 
at different levels of this hierarchy differ 
systematically in the degree to which 
they demand activation. 

Of the several available methods for 
measuring activation, perhaps the most 
sensitive and reliable is the measurement 
of sympathetic and parasympathetic ac- 
tivity as reflected in pupillary diameter 
(8). Pupillary dilations indicating mo- 
mentary increases in CNS activation as 
a function of processing load (9) have 
been reported for short-term memory 
(10), problem-solving (11), and other 
complex information-processing tasks 
(12). Further, pupillometric measures 
have shown a striking correspondence to 
electrophysiological indices of activation 
in a long series of studies of corticore- 
ticular interactions (13). The pupillary di- 
lations indicative of CNS arousal may be 
mediated by either increased forebrain 
inhibition of the Edinger-Westphal nu- 
clei or increased sympathetic discharge 
(14). Thus pupillometric methods appear 
well suited to the measurement of short- 
term activation changes in man that oc- 
cur in information-processing tasks. 

Sixteen undergraduates served as ob- 
servers in the first experiment using a 
name criterion for judging 144 letter pairs 
that were presented tachistoscopically 
on a computer-controlled cathode-ray 
tube display. Random dot patterns pre- 
ceded and followed presentation of the 
letter pair so that the illumination level of 
the display was constant at all times. The 
display field subtended a visual angle of 
0.5? and was viewed at a distance of 4 m. 
Observers initiated each trial with a but- 
ton press, which was followed 1 second 
later by the presentation of the letter pair 
for 100 msec. Two seconds after stimu- 
lus onset, a response cue was displayed 
and the observer indicated his judgment 
by pressing one of two microswitches. 
Pupillary diameter was measured with a 
Whittaker 1053 TV pupillometer and was 
recorded at 20-msec intervals between 
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Fig. 1. Averaged evoked pupillary responses 
for same, different, and control judgments for 
a group of 16 subjects in a letter-matching task 
using a name-level criterion. 

trial initiation and response cue presen- 
tation. Room illumination was 18 mL. 

Six letters (AEIBRH) were employed 
and displayed in either upper or lower 
case. Of the 144 trials, 36 letter pairs 
were physically identical (PI), 36 were 
identical at the level of naming (NI), and 
72 were of different (D) names. 

Following the main experimental ses- 
sion, pupillometric measurements were 
taken in a series of 16 control trials, in 
which the stimuli were always the letter 
pair XX and the subject was instructed 
to press the "same" switch following the 
response cue. Thus encoding and deci- 
sion processes were not required in the 
control series. 

Pupillary and behavioral data from 
each trial were stored on magnetic disks 
for later analysis. Artifact detection was 
performed blindly with respect to stimu- 
lus type and response correctness by vi- 
sual inspection of individual evoked pu- 
pillary responses. All trials containing 
major artifacts were discarded. Trials 
with small artifacts occurring in non- 
critical periods were corrected by linear 
interpolation. This procedure rejected 
approximately 5 percent of all trials in 
each of the stimulus categories (PI = 5.4 

percent, NI = 4.7 percent, and D = 4.6 
percent). 

Under these conditions, subjects made 
few errors of judgment, but the percent- 
age of errors differed significantly among 
the stimulus categories (PI = 1.4 per- 
cent, NI = 10.4 percent, and D = 1.7 
percent; F = 14.09, d.f. = 2,30, P < 
.001). More errors occurred for letter 
pairs sharing only the same name than 
for physically identical or different letter 
pairs. 

Performance of the letter-classifica- 
tion task was associated with increased 
pupillary dilation. For each subject sepa- 
rate averaged evoked pupillary re- 
sponses were computed for all artifact- 
free control and errorless experimental 
trials. The difference between prestimu- 
lus pupillary diameter and pupillary di- 
ameter averaged during the decision in- 
terval between stimulus presentation and 
response was significantly larger in ex- 
perimental than in control trials (t 
= 2.47, d.f. = 15, P < .02). Thus the 
pupillometric measure appears sensitive 
to the encoding and decision com- 
ponents of the letter-classification task. 

The degree of dilation observed in the 
decision interval for correct same judg- 
ments depended upon level of processing 
required to match the letters of the stim- 
ulus pair. Figure 1 presents the group av- 
eraged evoked pupillary responses for all 
experimental conditions. For the same 
judgments, these differences are most 
apparent in the second half of the deci- 
sion interval. The mean dilation in the 1- 
second period preceding the response 
cue differed significantly between the 
two levels of same judgments (t = 2.68, 
d.f. = 15, P < .05). The dilation ob- 
served for correct different judgments 
was of intermediate amplitude. 

A more stringent test of the relation- 
ship between processing level and task- 
induced activation may be obtained by 
employing a more elaborated hierarch- 
ical processing structure in the letter- 
matching task. For this reason a second 
experiment was performed, with a cate- 
gory-level criterion for judgment, in 
which the subject responds "same" if 
both letters are members of the same cat- 
egory, either vowels or consonants. In 
the second experiment 24 letter pairs 
were physically identical, 24 were identi- 
cal at the level of naming, and 24 differed 
in name but were members of a common 
category (CI). Seventy-two letter pairs 
differed in both name and category mem- 
bership. Sixteen naive individuals served 
as subjects. In all other respects, the 
methods of the two experiments were 
identical. 

The results of this second experiment 
1217 
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Fig. 2. Averaged evoked pupillary responses 
for same, different, and control judgments for 
a group of 16 subjects in a second experiment 
using a category-level criterion. 

confirmed in more detail the relations be- 
tween the level of hierarchical process- 
ing and task-induced activation. As in 
the first experiment, subjects made few 
errors of classification, but the percent of 
judgment errors differed significantly 
among the experimental conditions 
(PI = 0.2 percent, NI = 2.9 percent, 
CI = 8.1 percent, and D = 0.5 percent; 
F = 4.24, d.f. = 3,45, P < .025). 

The averaged evoked pupillary re- 
sponses for the second experiment are 
shown in Fig. 2. As in the previous ex- 
periment, few trials were rejected for 
artifacts in the pupillometric data and 
these rejections were not selectively 
distributed across stimulus conditions 
(PI = 4.4 percent, NI = 4.6 percent, 
CI = 5.0 percent, and D = 4.2 percent). 
And as before, pupillary dilation during 
the decision interval was significantly 
larger on experimental than on control 
trials (t = 3.72, d.f. = 14, P < .01, the 
control trial data of one subject being lost 
in computer malfunction). 

As might be apparent from Fig. 2, 
highly reliable differences are present in 
the averaged evoked pupillary responses 
for correct same judgments as a function 
of the level to which the letter pair must 
be processed before reaching a correct 
decision of identity. For the three types 
of letter pairs that may be judged 
"same" by the category criterion, the 
averaged pupillary dilation in the 1-sec- 
ond interval preceding response cue on- 
set is smallest for physically identical let- 
ter pairs and largest for categorically 
identical pairs of different names. These 
differences in dilation amplitude are 

highly significant (F = 6.46, d.f. = 2,30, 
P < .005). Further, the latency to peak 
pupillary response is significantly larger 
for letter pairs requiring higher levels of 
processing (PI = 1.145 seconds, NI 
1.306 seconds, and CI = 1.345 seconds; 
F = 6.73, d.f. = 2,30, P < .005). Thus 
less-automatic processing of same letter 
pairs within this hierarchically organized 
cognitive system (7) appears to be asso- 
ciated with larger amounts of activation 
for greater periods of time. 

In both experiments, the amplitude of 
the averaged evoked pupillary response 
for correct different judgments was inter- 
mediate between those observed for the 
simplest and most complex same judg- 
ments. This result is in agreement with 
reaction-time data obtained with simulta- 
neously presented letter pairs (7, 15). 
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One interpretation of both sets of find- 
ings is that some different letter pairs can 
be judged to be different on the basis of 
physical comparison, whereas others re- 
quire full processing before a correct 
classification can be made. The apparent 
heterogeneity of the different judgments 
for simultaneously presented letter pairs 
therefore does not cloud the orderly rela- 
tions observed between processing 
depth and task-induced activation ob- 
served for correct same judgments. 

The use of letter matching as a proce- 
dure for the investigation of analysis and 
decision processes carried out at dif- 
ferent levels of a hierarchically organized 
cognitive system coupled with the use of 
pupillometric measurements to assess 
momentary shifts in centrally regulated 
autonomic activation provides a unique 
opportunity to test the Jacksonian hy- 
pothesis that more complex cognitive 
processes require a greater level of acti- 
vation or "vigilance" for their successful 
execution. The data from both experi- 
ments lend support to this hypothesis. 
They suggest a pattern of nervous sys- 
tem organization in which the presum- 
ably forebrain mechanisms that specifi- 
cally mediate complex cognitive pro- 
cesses exert reasonably direct, short- 
latency control of brainstem activation 
systems to provide the momentary level 
of central activation required. However 

reasonable such an interpretation might 
be, it is not without its difficulties. First, 
despite several decades of serious inves- 
tigation, the mechanism by which brain- 
stem activation systems affect the effi- 
ciency of cortical information processing 
remains puzzling (16). Second, the vari- 
ous signs taken as indicators of nervous 
system activation are not always in per- 
fect agreement. Activation cannot there- 
fore be a unitary variable, and care must 
be exercised to specify exactly what 
measures of nervous system activity are 
taken as indicators of activation in any 
particular instance. Third, pupillometric 
measures, although classically associat- 
ed with more central indicators of brain 
activation (13), are still peripheral auto- 
nomic signs and quite removed from 
those central processes that one would 
wish to study directly. Nonetheless, the 
close relationship between peripheral 
patterns of pupillary dilation and the lev- 
el of cognitive processing observed in 
the present experiments provides strong 
support of Jackson's idea that vigilance 
is a critical parameter of the higher infor- 
mation-processing functions of the hu- 
man brain. 
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