
and no aptation above the level of orga- 
nisms; any resultant trends need not be 
adaptive, and the process is reducible to 
combinations of long-recognized micro- 
evolutionary processes. If we follow 
widely accepted analyses of what may 
not be termed group selection (11, 22, 
23), then consistency demands recogni- 
tion of effect macroevolution as separate 
from species selection. 

There are suggestions that the fre- 
quency of certain variants available at 
genetic and phenotypic levels may be 
intrinsically determined (10, 15). The ef- 
fect hypothesis translates this notion to 
variation among species. It suggests that 
life's diversity patterns, and through 
them some long-term directional tenden- 
cies, may be incidental nonadaptive con- 
sequences. The effect hypothesis is sim- 
pler and makes fewer assumptions than 
the hypothesis of species selection. The 
onus is on those who assert group selec- 
tion in any particular case to show that 
the concept is demanded by the evi- 
dence-that is, that selection of geno- 
types and phenotypes or other lower 
level processes do not provide a suffi- 
cient explanation of the deterministic 
pattern among groups. The effect hy- 
pothesis is of particular relevance to 
analyses of species diversity in ecosys- 
tems. It recognizes hierarchy of biologi- 
cal organization. But a hierarchical ap- 
proach, which addresses the causes of 
sorting among species, cannot "negate 
the importance of population level phe- 
nomena" (30). Testing for causes of 
macroevolutionary pattern may require 
studies involving many subdisciplines 
from genetics to paleontology. 

ELISABETH S. VRBA 
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Interactions Among Converging Sensory Inputs in the 
Superior Colliculus 

Abstract. The responses of superior colliculus cells to a given sensory stimulus 
were injluenced by the presence or absence of other sensory cues. By pooling 
sensory inputs, many superior colliculus cells seem to ampliJj, the effects of subtle 
environmental cues in certain conditions, whereas in others, responses to normally 
effective stimuli can be blocked. The observations i1lustrat.e the dynamic, interactive 
nature of the multisensory inputs which characterize the deeper laminae of the 
superior colliculus. 

One assumption underlying neuro- 
physiological studies of the superior col- 
liculus has been that detailing the re- 
sponse properties of its constituent cells 
in the laboratory will give us insight into 
how these cells function under more 
"natural" environmental conditions. In- 

Table 1. Frequencies of superior colliculus 
neurons from cat (59 cells) and hamster (49 
cells) by type of interaction (9) and laminar 
distribution (8). Numbers in parentheses are 
percentages. 

Cell location 

Interaction Super- To- 
ficial Deep tals 

laminae laminae 

Enhancement 0 26 (29.2) 26 
Depression 0 21 (23.6) 21 
None 19 (100) 42 (47.2) 61 

Totals 19 89 108 

vestigators have usually determined the 
characteristicsof a given superior collic- 
ulus cell by examining its responses to a 
modality-specific (for example, visual) 
stimulus whosd physical parameters are 
systematically varied. In this manner, 
the investigator identifies the physical 
characteristicsiof those stimuli likely to 
have optimal access to the circuitry of 
the superior colliculus and, therefore, 
most likely tor e v ~ k e  an orientation re- 
sponse (I). 

Yet during normal behavior an animal 
is confronted withv a variety of simulta- 
neous stimuli fromrdifferent sensory mo- 
dalities. The likelihood of an orientation 
response may tdepend as much (if not 
more) on the dombination of stimuli as 
on the normal effectiveness of any indi- 
vidual stimulus. It. is possible that this 
behavioral phenomenon occurs because 
the influence of a Sensory stimulus on a 
given neuron can vary in the presence of 



cues from other sensory modalities. The log, the optic tectum (3). However, with 
substrate already exists and cells receiv- the exception of a report on the interac- 
ing two or more sensory inputs have tion of infrared and visual inputs to cells 
been described both in the superior collic- of the optic tectum of the rattlesnake (4), 
ulus (2) and in its nonmammalian homo- we have little information regarding the 

product of simultaneous sensory conver- 
gence onto these midbrain cells. 

We have found a dramatic difference 
between the responses of superior collic- 
ulus cells when a combination of sensory 
cues was presented and when these stim- 
uli were presented individually (5). Often 
we could not predict the effect of combi- 
nations of sensory stimuli on a cell's 
response, even when we knew the effec- 
tiveness of each stimulus individually. 
Thus, stimuli that appeared to be ineffec- 
tive when presented alone could signifi- $1 0 

.I,' :- 
" r-( 

2 0 0  msec 

cantly alter the effectiveness of other 
stimuli when combined with them. 

Eight cats were prepared for long-term 
study, and 19 hamsters for single experi- 

. . u 
2 0 0  msec 2 0 0  msec 

ments (6). Standard single-unit recording 
techniques were used. Once a cell was 
isolated, its receptive field was mapped 
and its responses to controlled visual, 
auditory, or somatic stimuli (7) were 
tested. These are referred to hereafter as 
separate-modality tests. The effective 
modalities and the optimal stimulus for 
each modality (that stimulus which 

1 msec 
A only 

1 msec 
V only 

2 0 0  msec 
evoked the greatest frequency or number 
of discharges) were identified. Then, 
combinations of sensory stimuli were 

Fig. 1. Response enhancement in the superior colliculus of the cat. The cell responded to 
auditory ( A )  and visual (V)  stimuli. A square wave represents the auditory stimulus and a ramp 
the visual stimulus. The raster below each stimulus trace displays the cell's responses to 16 
successive stimulus presentations. Each dot represents one neuronal impulse, and the trials are 
ordered from bottom to top. Peristimulus time histograms (bins are 10 msec wide) are presented 
below each raster, and representative oscillograms below each h~stogram. (A) The auditory 
st~mulus (200-msec hiss) was nearly ineffective when presented alone. Responses were ellcited 
on 25 percent of the trials and consisted of few impulses. tB) The visual stimulus (a lo  by 2" bar 
of light moved across the receptive field at 300' per second in the preferred direct~on) ellcited 
responses in 69 percent of the trials and was somewhat more effective. (C) When the two stimuli 
were presented in close temporal sequence, however, vigorous responses were elicited in 100 
percent of the trials. (D) The increase in the number of impulses was significant (paired t-test, 
P < 0.001) (9). The vertical lines are standard errors of the mean. 

presented simultaneously and at various 
predetermined intervals. These tests 
were referred to as combined-modality 
tests. The responses evoked by com- 
bined-modality stimulation were then 
compared with the responses evoked by 
separate-modality tests. 

The responses of 108 superior collicu- 
lus neurons were examined. All cells 
exhibiting multimodal interactions 
(N = 47) were located within the deeper 
laminae (8) (Table 1) and fell into two 
functional categories: response enhance- - 
ment and response depression (9). The 
degree of response alteration resulting 
from these interactions ranged from 
+326 percent to -99 percent and de- 
pended upon both the stimuli presented 
and the timing of their presentations. 
The most profound interactions occurred 
when combined-modality cues were pre- 
sented within 100 msec of one another 
(10). 

Cells exhibiting response enhance- 
ment showed the same general charac- 
teristics as the example provided in Fig. 
1 .  A unimodal auditory or a unimodal 
visual stimulus often failed to evoke dis- 
charges, and even on those trials in 
which these stimuli did produce a re- 
sponse, the response consisted of rela- 

U 
5 0 0  msec 

I Maxlrnum 

V only 

Fig. 2. Response depression. (A) The cell responded vigorously to a 2' by 4' bar of light moved tively few impu1ses* When the stim- 
across its visual receptive field at 125' per second. No response was elicited by auditory or by uli were presented together, however, a 
somatosensory stimuli. (B and C) An auditory stimulus (200-msec hiss) inhibited the response to vigorous response was evoked on every 
the visual stimulus (P < 0.001). The depressive effect was virtually complete during the period stimulus presentation. other cells exhib- 
from 175 to 500 msec after the onset of the auditory stimulus (B and D), reducing the cell's 
activity to its spontaneous ( S )  level. Peristimulus time histograms (A and B) are calibrated for ited enhancements 
100 impulses and 50-msec time bins. combinations of visual-somatic, audi- 
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combining them decreased. order to act as  response inhibitors, there- 6. Prior to recording. cats (N  = 8) were anesthe- 
tized with sodium pentobarbital (40 mgikg), a 

The cell illustrated in Fig. 2 is a typical by ensuring the absence of inappropriate craniotomy was made, and a hollow cylinder, 
example of response depression: it re- responses. In these cases, a stimulus that ~ ) i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a ~ h k O ~ ~ ~ A ~ ~ ~  iEl$$,L 
sponded vigorously to  a visual stimulus usually evokes vigorous neuronal activi- recording day the cat was given a single anes- 
but not to an auditory or a somatic ty in the superior colliculus and ultimate- ~ ~ ~ n ~ ~ ~ , " d f ~ a ~ k ~ ~ - ~ ~ ~ ~ ~ p "  ~,"d:,'b:h:Zi 
stimulus. When the auditory stimulus ly a behavioral response, can be ren- to the implanted cylinder. No wounds or pres- 

sure points were present. The cat was paralyzed was presented with the visual stimulus, dered ineffective in the presence of cer- with gallamine triethiodide (10 mg/kg) and artifi- 
however, the cell's ability to respond to tain other sensory signals. cially respired with N 2 0  (75 percent) and O2 (25 

percent). Three hamsters were prepared in siml- 
the visual stimulus was profoundly inhib- The principles underlying these inter- lar fashion, but on the day of the recording 

session. In these cases all wounds were liberally ited (11). In other cells, response depres- actions are not yet clear. However, mul- infiltrated with a local anesthetic 
sion was observed in response to  visual- tisensory interactions are restricted to  (Zyljectin). Recordings were also made from 16 

hamsters anesthetized with urethane (1.3 glkg) somatic and to auditory-tactile stimulus cells of the deep superior colliculus, but not paralyzed, A ring glued around 
combinations. where visual, auditory, and somatic in- the ocular sclera and fastened to the implanted 

cylinder prevented eye movements. The capability of a stimulus to  en- puts converge (2). Since the final supe- 7, Quantitative tests were conducted with elec- 
hance or  depress the response of a given rior colliculus arbiter of an orientation tronically controlled stimuli. Visual stimuli were 

stationary and moving spots or bars of white 
cell could not be predicted on the basis response may reside in the deeper lami- light projected onto a translucent plexiglass 
of separate-modality tests; it became ap- nae, it is these interactions that may ~,"di~,"!J~ti",","li~i",",",d, i~i~?~:t$~i.~,"e~~~a~ 
parent only when paired with an appro- determine whether a behavioral change solenoid-controlled airstream or clicks from an 
priate second stimulus. Therefore, to takes place. audio amplifier. Somatosensory stimuli were 

airpuffs gated by a solenoid and a probe con- 
characterize cells of deep laminae on the M. ALEX MEREDITH trolled by a moving coil vibrator. 
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