
sence of spikes does not, therefore, ap- 
pear to be related to the morphological 
distance over which information must be 
conducted by an interneuron. A compar- 
ison of the roles of spiking and nonspik- 
ing local interneurons in local reflexes 
reveals further similarities. First, inter- 
neurons of both types have apparently 
direct synaptic effects on hind leg motor 
neurons. Second, interneurons of both 
types are excited by movements of the 
hind legs. For example, during move- 
ments of the femoral-tibia1 joint, a series 
of spikes or excitatory postsynaptic po- 
tentials (EPSP's) can be elicited in some 
spiking or nonspiking interneurons, re- 
spectively (17). When the joint is held 
flexed or extended some spiking local 
interneurons spike tonically, whereas 
some nonspiking interneurons show ton- 
ic shifts in their membrane potential (18). 
Third, interneurons of both types can 
cause either transient or sustained 
changes in the membrane potentials of 
postsynaptic motor neurons. Discrete 
synaptic potentials in motor neurons 
may be caused by single spikes in spiking 
local interneurons, or by single EPSP's 
in nonspiking local interneurons (17). 
Sustained postsynaptic changes may be 
caused by repetitive spikes in spiking 
local interneurons, or by sustained depo- 
larization of nonspiking local interneu- 
rons (18). However, when the outputs 
and inputs of the two types of inter- 
neuron are compared, two differences 
emerge. First, spiking local neurons can, 
when stimulated individually, produce 
only a limited motor effect. By contrast, 
individual nonspiking local interneurons 
can cause vigorous and well-coordinated 
movements about several joints of a hind 
leg (4-6). Second, spiking local interneu- 
rons respond to more restricted sensory 
inputs than do nonspiking local interneu- 
rons. Further study may reveal differ- 
ences between the two types of interneu- 
ron in the relative locations of input and 
output synapses, or in the electrotonic 
distances over which information must 
be transmitted intracellularly (19). 

We do not yet know enough about the 
connections of local spiking interneurons 
to provide any general rationale for the 
presence of both spiking and nonspiking 
local interneurons. Nonetheless, the 
most reasonable assumption on which to 
base further experiments is that the use 
of particular types of local interneurons 
is related to their different functions in 
the behavior of the animal. For example, 
one role of spiking interneurons is to 
effect local reflexes in response to specif- 
ic sensory inputs, and one role of non- 
spiking interneurons is to coordinate the 
output of groups of motor neurons. 

These functions may, in turn, account 
for the need to conduct a particular type 
of signal intracellularly, or the need to 
effect the release of transmitter in a 
particular way. 
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the Spinal Cord of the Cat 

of interneurons mediating spinal reflexes 
were investigated by extracellularly recording the response of interneurons to 
excitation from muscle receptors in the ankle extensor muscles of decerebrated, 
spinal cats. A population of interneurons in the intermediate region of the spinal cord 
is potently excited by increases in muscle force. Unlike the discharge of Golgi tendon 
organs, which accurately encodes moment-to-moment variations in the force of a 
single muscle, the discharge of these interneurons depends in a dynamic and usually 
nonlinear way on the force in several muscles. Powerful input from unident$ed 
mechanoreceptors in muscle, presumably free nerve endings, is at least partly 
responsible for these properties. These force-sensitive interneurons are more likely to 
mediate clasp knife-type inhibition than simple negative force feedback. 

Golgi tendon organs, sensory recep- 
tors located at the musculotendinous 
junction in vertebrate muscle, are accu- 
rate force transducers (I). Since electri- 
cal stimulation of muscle nerves at 
strengths sufficient to excite Golgi ten- 
don organ afferents (Ib) inhibits homony- 
mous motoneurons ( 2 ) ,  the Ib pathway 
may provide negative force feedback. 
This feedback would act to oppose 
changes in muscle force, such as those 
associated with stretch, fatigue, or the 
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length-regulating actions of spindle affer- 
ent pathways. Although several investi- 
gators report that the strength, or gain, 
of force feedback in decerebrated cats is 
small or negligible (3),  their findings may 
be peculiar to the decerebrated prepara- 
tion. Because measurement of reflex 
gain in alternative preparations is techni- 
cally difficult, we chose to investigate 
directly the processing of force informa- 
tion in the spinal cord by extracellularly 
recording the response of spinal inter- 
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neurons to changes in muscle force. We 
report that in the spinal cord of the cat 
there are force-sensitive interneurons 
whose discharge rate varies with muscle 
force. Golgi tendon organs, however, are 
not exclusively responsible for this force 
dependence. Rather, unidentified mech- 
anoreceptors in muscle-presumably 
free nerve endings-strongly excite the 
force-sensitive interneurons. The power- 
ful excitation of these interneurons by 
unidentified mechanoreceptors, marked 
dynamics, and usually nonlinear depen- 
dence on muscle force suggest that 
force-sensitive interneurons are more 
likely to mediate clasp knife-type inhibi- 
tion than simple negative force feedback. 

We anesthetized 33 adult cats with a 
mixture of Fluothane, nitrous oxide, and 
oxygen and removed the laminae of ver- 
tebrae L4 through L6. The triceps surae 
and plantaris muscles were separated 
and attached to an electromagnetic mus- 
cle puller with rigid metal hooks, and the 
muscle nerves were dissected for electri- 
cal stimulation. Other muscle and cuta- 
neous nerves of the hind limb were sec- 
tioned. We then withdrew gaseous anes- 
thesia and decerebrated 21 cats at the 
level of the superior colliculus and sec- 
tioned the spinal cord at T12. Eight cats 
were decerebrated and the dorsal half of 
the spinal cord was sectioned at T12. 
The remaining four cats were anesthe- 
tized with chloralose. These prepara- 
tions were chosen because the Ib path- 
way may not be suppressed to the same 
extent as in cats that have only been 
decerebrated (4). The animals with hemi- 
sectioned spinal cords and occasionally 
the spinal animals exhibited weak stretch 
reflexes and a pronounced clasp knife 
reflex, which is an abrupt and sustained 
inhibition of muscle force occurring 
when an active muscle is stretched be- 
yond a certain length (5). 

Muscle length was varied with an elec- 
tromagnetic muscle puller. Muscle force 
was varied by (i) changing the rate or 
intensity of muscle nerve stimulation at a 
constant muscle length, (ii) changing 
muscle length during muscle nerve stim- 
ulation at a constant rate, (iii) inducing 
bipolar intramuscular stimulation of mo- 
toneuronal axons with insulated, stain- 
less steel wires (50 km in diameter), (iv) 
stretching the passive muscle, (v) longi- 
tudinally vibrating the tendons to elicit 
reflex responses, and (vi) evoking the 
crossed extensor reflex by manipulating 
the contralateral hind limb. The respons- 
es of single interneurons in vertebral 
segments L5 through S1 were extracellu- 
larly recorded with fine, high-impedance 
(4 to 10 megohms), tungsten microelec- 
trodes. Since recording stability was of- 
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ten poor due to movement of the animal, 
analysis of many interneurons was in- 
complete. Interneurons were distin- 
guished from tract cells by their failure to 
respond antidromically to spinal cord 
stimulation at T12, from motoneurons by 
their failure to respond antidromically to 
stimulation of motoneuronal efferents in 
the muscle nerves, and from primary 
sensory afferents by their pattern of sen- 
sory input, response latency, and loca- 
tion. 

Interneurons were identified as force- 
sensitive if their discharge rate monoton- 
ically increased with increasing muscle 
force. We identified 104 force-sensitive 
interneurons within 1 mm of the midline 
and 1.7 to 2.8 mm beneath the dorsal 
surface of the spinal cord (presumably 

Rexed's laminae V to VII). Seventy-nine 
were in the decerebrated cats with sec- 
tioned spinal cords, 16 in the decere- 
brated cats with hemisectioned cords, 
and nine in the chloralose-anesthetized 
cats. 

The dependence of interneuronal dis- 
charge rate on maintained, or static, 
force is shown in Fig. 1A for a series of 
three tetanic contractions. Force was 
varied in this instance by stimulating 
motoneuronal axons with different com- 
binations of four pairs of intramuscular 
electrodes, thereby recruiting different 
numbers of motor units. The relations 
between static muscle force and inter- 
neuronal discharge rate were obtained 
by first averaging the rate during the 500 
msec preceding the stimulus and the 
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Fig. 1. Dependence of discharge rate of force-sensitive interneurons on static muscle force. (A) 
Increasing the force of isometric contractions of the soleus muscle produces increasing 
excitation of the force-sensitive interneurons. Muscle force was varied by stimulating moto- 
neuronal axons with different combinations of four pairs of intramuscular electrodes. Interneu- 
ronal discharge rate was truncated at 500 impulses per second. (B) Force-rate relation for the 
force-sensitive interneuron represented in (A). Force was varied by stretching the passive 
muscle (0), changing the intensity of intramuscular stimulation (O), and changing combinations 
of the four intramuscular electrodes (@). The line drawn through the points (slope, 15.2 
impulses per second per Newton; y-intercept, 13.0 N; correlation coefficient, 3 7 )  was fitted by 
least-squares regression. (C) A different force-sensitive interneuron exhibits a nonlinear, 
saturating force-rate relation. The force of the soleus muscle was varied by changing the rate of 
muscle nerve stimulation (O), changing muscle length during muscle nerve stimulation at a 
constant rate (@), changing the intensity of muscle nerve stimulation (W), stretching the passive 
muscle (O), and longitudinally vibrating the tendons to elicit reflex responses (+). The output of 
force and length transducers was sampled on-line at 100 Hz and stored on diskettes by a PDP 111 
03 microcomputer. Extracellularly recorded action potentials were stored on diskettes as 
interspike intervals and are displayed as instantaneous rate. 



force and rate during the last 750 msec of 
the plateau phase and then graphing the 
change in rate versus force (Fig. 1, B and 
C). Of 38 interneurons analyzed in this 
way, nine showed a linear static force- 
rate relation (Fig. 1B) and 16 a nonlinear, 
saturating static force-rate relation (Fig. 
1C). The remaining 13 were equally con- 
sistent with a linear or nonlinear relation. 
Force-sensitive interneurons with non- 
linear relations and force-sensitive inter- 
neurons with linear relations are proba- 
bly not different populations. Rather, the 
form of the force-rate relation seems to 
depend on the technique used to vary 
muscle force and the specific muscles 
involved. For instance, the best linear 
relations were obtained by using intra- 
muscular stimulation, which may simu- 
late motor unit recruitment more accu- 
rately than the other forms of stimula- 
tion. Although the remaining 66 inter- 
neurons were also force-sensitive, they 
were not held long enough for their 
force-rate relations to be completely 
characterized. 

The time course of interneuronal dis- 
charge did not usually parallel the time 
course of muscle force development. 
Of 88 force-sensitive interneurons, 77 
showed an initial, transient overshoot in 

A Unidentified mechanoreceptor 

rate, and in 36 of 75 the response persist- 
ed for 0.5 to 5.0 seconds beyond the 
cessation of increased muscle force. In 
only four interneurons did the entire time 
course of interneuronal discharge closely 
parallel that of muscle force. 

Golgi tendon organ afferent input was 
demonstrated (i) if the force-sensitive 
interneuron could be excited by electri- 
cal stimulation of the muscle nerve at 
strengths sufficient to  excite group I 
muscle afferents but below threshold for 
group I1 muscle afferents (6) and (ii) if 
the force-sensitive interneuron did not 
receive vibration-induced Ia input (this 
occurred in two instances). Since Golgi 
tendon organs were expected to be re- 
sponsible for the force dependence of 
force-sensitive interneurons, we were 
surprised to find that only 10 of 39 force- 
sensitive interneurons could be shown to 
receive electrically induced Ib  input. 
However, this is probably a low estimate 
of the number of interneurons receiving 
Ib input, since interneurons receiving 
weak monosynaptic or polysynaptic Ib 
input may not be excited by a single, 
synchronous, afferent volley. Although 
it is conceivable that repetitive electrical 
stimulation of Ib muscle afferents may 
have contributed to the observed rate 
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Fig. 2. Muscle receptor input to a single force-sensitive interneuron. (A) Localized squeezing of 
the soleus tendon (duration is indicated by the two horizontal lines) strongly excites the force- 
sensitive interneuron. (B) Vibration of the soleus tendon longitudinally (frequency, 160 Hz, 
amplitude, 100 km) does not influence discharge rate. (C) Stretching the soleus, probably 
sufficient to excite secondary spindle afferents but insufficient to increase passive muscle force, 
is also ineffective. (D) Muscle stretching to greater lengths, which produces passive muscle 
force, excites the force-sensitive interneuron. Excitation presumably is mediated by unidenti- 
fied mechanoreceptors. The force records in (C) and (D) were redrawn. 

increases, no sustained rate augmenta- 
tion occurred during electrical stimula- 
tion when force output was eliminated 
by succinylcholine (two interneurons) or 
by muscle activation at short lengths. 

The most potent methods of exciting 
force-sensitive interneurons proved to 
be mechanical manipulations that were 
unlikely to have driven spindle receptors 
or Golgi tendon organs but which appar- 
ently excited other types of muscle 
mechanoreceptors, such as free nerve 
endings and Pacinian and paciniform 
corpuscles (7). We used light stroking of 
the muscle surface and tendon squeez- 
ing to excite subpopulations of these 
unidentified mechanoreceptors. Figure 
2A shows a typical response to two 
squeezes of the soleus tendon with a pair 
of fine forceps. Absence of significant 
effects of these stimuli on spindle affer- 
ents or Golgi tendon organs was verified 
in control experiments by directly re- 
cording from six primary spindle and 
four Golgi tendon organ afferents. We 
found that 30 of 33 force-sensitive inter- 
neurons investigated with these stimuli 
responded to light stroking and tendon 
squeezing (Fig. 2A) and that 26 of these 
received input from more than one mus- 
cle. The potency of unidentified mecha- 
noreceptor input was remarkable. Peak 
rates during surface stroking or  tendon 
squeezing often exceeded 700 impulses 
per second. Input from unidentified 
mechanoreceptors was demonstrated in 
all three preparations, indicating that 
these effects were not peculiar to  a spe- 
cific preparation. Of the eight force-sen- 
sitive interneurons that satisfied our cri- 
teria for Ib input, all seven that were 
tested also received unidentified mecha- 
noreceptor input. 

Primary spindle afferent input was in- 
vestigated by using longitudinal tendon 
vibration (frequency, 160 Hz;  amplitude, 
100 pm) to selectively excite Ia  afferents 
(8). A large majority of force-sensitive 
interneurons, 84 of 100, did not respond 
(Fig. 2B), and, in 8 of the 16 that did, the 
increase in discharge rate could be attrib- 
uted to the force produced by the tendon 
vibration reflex rather than to primary 
spindle afferent input. Figure 2B shows 
that the same interneuron that was 
shown to respond to unidentified mecha- 
noreceptor input in Fig. 2A did not re- 
spond to vibration. 

Secondary spindle afferent input was 
assessed by stretching the passive mus- 
cle from short initial lengths to lengths 
insufficient to significantly increase pas- 
sive muscle force. Provided the force- 
sensitive interneurons did not receive 
primary spindle afferent input, the ab- 
sence of a maintained response to 
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stretching suggests the absence of sec- 
ondary spindle input (Fig. 2C). Of 36 
force-sensitive interneurons, 31 did not 
respond under these conditions. In the 
remaining 68 force-sensitive interneu- 
rons, stretching excited the interneuron 
but also produced significant passive 
muscle force (Fig. 2D). Since increases 
in muscle force excite unidentified mecha- 
noreceptors and since most of the force- 
sensitive interneurons were strongly in- 
fluenced by unidentified mechanorecep- 
tors, the response at long muscle lengths 
(Fig. 2D) may be due to input from 
unidentified mechanoreceptors rather 
than secondary spindle afferents. 

To the best of our knowledge, no 
previous descriptions of spinal neurons 
that respond to increases in muscle force 
have been published. Except for a single 
early study (9),  preceding investigations 
of proprioceptive spinal reflexes based 
on recordings from spinal interneurons 
have been concerned with connectivity 
(10) and cellular properties (11). Al- 
though we anticipated that force depen- 
dence would be due to Golgi tendon 
organ input, our finding that unidentified 
mechanoreceptors potently excite force- 
sensitive interneurons, together with the 
results of others showing that group I11 
and IV afferents are excited by increases 
in muscle force (12), indicate that un- 
identified mechanoreceptors may be at 
least partly responsible for the force de- 
pendence of force-sensitive interneu- 
rons. This conclusion is supported by 
our finding that only 10 of 39 force- 
sensitive interneurons could be shown to 
receive electrically induced Ib afferent 
input. 

The response patterns of force-sensi- 
tive interneurons are unlike those re- 
quired for simple force feedback. The 
discharge of interneurons mediating sim- 
ple force feedback might be expected to 
be influenced significantly only by input 
from Golgi tendon organs, to vary linear- 
ly with static muscle force, and to exhibit 
a time course of discharge closely paral- 
leling muscle force. Instead, we found 
that force-sensitive interneurons are in- 
fluenced by unidentified mechanorecep- 
tors [some of which can be excited by 
muscle stretching and mechanical pres- 
sure as well as by muscle force (12)] and 
usually show nonlinear force-rate rela- 
tions. Finally, the early, transient over- 
shoot in discharge rate and prolonged 
afterdischarge are also inconsistent with 
simple force feedback. In contrast, the 
clasp knife reflex has properties similar 
to those of force-sensitive interneurons. 
Muscle stretching excites force-sensitive 
interneurons and induces the clasp knife 
reflex only at long muscle lengths. At 
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short lengths, neither motoneurons nor 
force-sensitive interneurons are influ- 
enced. The sustained afterdischarge of 
force-sensitive interneurons is matched 
by the sustained inhibition of the clasp 
knife reflex. Finally, lightly stroking the 
muscle surface, which potently excites 
force-sensitive interneurons also pro- 
duces an abrupt and prolonged inhibition 
of motoneuronal output. Therefore, pro- 
vided force-sensitive interneurons inhib- 
it homonymous motoneurons, these in- 
terneurons most likely mediate the clasp 
knife reflex. Although the clasp knife 
reflex has only been demonstrated in 
decerebrated cats with dorsally hemisec- 
tioned spinal cords and in spastic human 
patients, the central pathways responsi- 
ble may still influence motoneurons un- 
der normal conditions. 
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Spatial Learning as an Adaptation in Hummingbirds 

Abstract. An ecological approach based on food distribution suggests that 
hummingbirds should more easily learn to visit a power in a new location than to 
learn to return to a jower  in a position just visited, for a food reward. Experimental 
results support this hypothesis as well as the general view that differences in learning 
within and among species represent adaptations. 

Learning is a mechanism by which 
animals modify their behavior to respond 
more efficiently to their environments. 
Like other adaptations, learning has 
evolved as the result of the interactions 
that occur between animals and their 
environments. From this perspective, 
the characteristics of learning should 
vary because the ecological and social 
conditions in which animals learn are 
varied. With sufficient information on 
the ecology of animals it should be possi- 
ble to make a priori predictions about 
learning. We tested predictions about the 
ability of hummingbirds to learn different 
spatial patterns of food availability from 
individual flowers. 

Hummingbirds obtain most of their 
energy from floral nectar, present in indi- 
vidual flowers in small, slowly renewed 
amounts (I). The small size of humming- 
birds and their hovering flight while feed- 
ing make them dependent on short-term 
supplies of energy, requiring visits to 
many flowers (2). Their foraging efficien- 
cy depends on the difference between 

the rates of gain and expenditure of 
energy. Several experiments indicate 
that animals often approach maximum 
rates of net energy gain when they feed 
(3). Although learning may enhance en- 
ergy returns, only a few experiments 
have examined the impact of learning 
( 4 ) .  

In their natural environment, hum- 
mingbirds returning to a recently emp- 
tied flower would have a lower rate of 
net energy gain than birds going to a 
flower that contains nectar. We hypothe- 
sized that a hummingbird reinforced for 
visiting a flower location should more 
easily learn to choose a different location 
during a subsequent foraging effort than 
learn to return to the same location. 

We studied four female Archilochus 
alexandri (black-chinned hummingbird; 
3 to 4 g), two male Eugenes fulgens 
(Rivoli's hummingbird; 8 to 10 g), and 
two male Lampornis clemenciae (blue- 
throated hummingbird; 8 to 9 g) captured 
wild in southeastern Arizona (5). They 
were maintained individually in 1-m3 
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