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Dynamic Modification of the Vestibulo-Ocular 
Reflex by the Nodulus and Uvula 

Abstract. The time constant of the decay of slow-phase eye velocity ofpostrotatory 
nystagmus or optokinetic after-nystagmus is reduced during exposure to a stationaty 
visual surround (visual suppression). It is also reduced after tilting the head (tilt 
suppression). A "dump" mechanism in the vestibulo-ocular reflex has been pro- 
posed to rapidly discharge activity from the central vestibular system during both 
types of suppression. Monkeys lost this mechanism after lesions of the nodulus and 
uvula. They also lost the ability to habituate the time constant of nystagmus on 
repeated exposure to optokinetic and vestibular stimuli. Periodic alternating nystag- 
mus, which is believed to represent an instability in the vestibulo-ocular reflex, was 
observed in two of three monkeys. These data indicate that the nodulus and uvula 
play an important role in suppressing, habituating, and stabilizing the vestibulo- 
ocular reflex. 

Rotation of the head causes activation 
of the vestibulo-ocular reflex (VOR), 
producing compensatory eye move- 
ments that maintain gaze. If the visual 
surround moves with the head, signals 
from the VOR responsible for compensa- 
tory eye movement must be suppressed 
if images are to remain stable on the 
retina. The visual system accomplishes 
this by several processes. One, involving 
the flocculus, directly opposes activity 
from the VOR (1). This mechanism is , . 
responsible for the rapid rise in slow- 
phase velocity during optokinetic nys- 
tagmus (OKN) (2) and is utilized in medi- 
ating ocular pursuit (1, 3). Another pro- 
cess shortens the dominant time con- 
stant of the VOR by quickly discharging 
or "dumping" activity stored in the ves- 
tibular system, thereby reducing residual 
eye velocity (4). Specific brain structures 
that are associated with the dumping 
process have not been identified. 

Eye velocity can be suppressed during 
nystagmus in other ways that do not 
involve the visual system. If the head is 
tilted during postrotatory nystagmus, 
eye velocity decays rapidly to zero (5, 6). 
Since tilting probably does not modify 
the time constant of activity coming from 
the semicircular canals, the shortened 
time constant is not likely to be due to a 
change in the peripheral signal that 
drives the system. Instead there must 
have been a discharge or "dump" of 

activity stored in the VOR (4). Consist- 
ent with this is a rapid decay in slow 
phase eye velocity of optokinetic after- 
nystagmus (OKAN) after tilting (6, 7). 
We have proposed that the same dump 
mechanism that rapidly alters the time 
constant of the VOR during visual sup- 
pression (2, 4 )  is used by the vestibular 
system to discharge stored activity in 
response to head tilt (6). We now provide 
evidence in support of this idea and show 
that the dynamic modification of the 
VOR time constant is mediated through 
the nodulus and uvula of the vestibulo- 
cerebellum. 

Eye movements of three rhesus mon- 
keys (Macaca mulatta) and one nemes- 
trina monkey (M.  nemestrina) were re- 
corded with electrooculography (EOG). 
Animals were tested in a three-axis ves- 
tibular and optokinetic stimulator to es- 
tablish baseline values for horizontal and 
vertical per- and postrotatory nystag- 
mus, OKN, and OKAN (2,  4 ,  6, 8). The 
nodulus and uvula were removed by 
suction-ablation under anesthesia. Ani- 
mals were tested for periods of 2 to 3 
months, and the extent of lesions was 
determined in three animals after their 
deaths. In each monkey the nodulus and 
ventral uvula were destroyed. The fastig- 
ial nucleus was invaded on the left side in 
one animal, but the other roof nuclei 
were intact. 

OKN, OKAN, and per- and postrota- 
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tory nystagmus, induced by steps of an- 
gular velocity about a vertical axis, were 
normal in each of the animals before the 
lesions were made. Time constants of 
vestibular nystagmus and OKAN, orig- 
inally as long as 20 to 30 seconds in each 
of the monkeys, fell to 8 to 12 seconds 
when they were tested repeatedly (Fig. 
IA). Each animal exhibited the dumping 
phenomenon. That is, exposure to a sta- 
tionary visual surround during postrota- 
tory nystagmus (visual suppression) (to 
in Fig. 1C) caused an immediate decline 
in slow-phase velocity as well as a loss of 
stored activity from the central vestibu- 
lar system over a period of 5 to 10 
seconds. The loss of stored activity in 
Fig. 1C is demonstrated by the failure of 
the velocity of postrotatory nystagmus 
to recover when the animal was put back 
into darkness at t, .  The dotted line, 
taken from Fig. lA, shows the expected 
decline in slow-phase velocity, had the 
animal been in darkness during the post- 
rotatory nystagmus. The time constant 
of the decline in stored activity in light 
was about 3 to 5 seconds, similar to the 
time constant of decay seen previously 
(4). Visual suppression had a similar 
effect on OKAN. That is, OKAN was 
suppressed in light and, depending on 
the period of exposure to the stationary 
surround, was reduced or did not reap- 
pear when the animals were put back 
into darkness. From 6 to 10 seconds of 

Contro l  

exposure to a stationary surround were 
adequate to completely discharge stored 
activity during OKAN. 

Tilting the normal animal during post- 
rotatory nystagmus in darkness (Fig. 1B) 
also caused a decrease in the decav time 
constant of slow-phase velocity. The 
time constant of postrotatory nystagmus 
after tilting (Fig. 1B) can be compared 
with that recorded with the animal up- 
right during the postrotatory period (Fig. 
IA). In contrast to visual suppression, 
there was no immediate rapid fall in 
slow-phase eye velocity at the onset of 
tilt ( to)  Rather, eye velocity decayed 
smoothly to zero after a latency of about 
1 second. The nature of the decay sug- 
gests that it could be modeled simply by 
modifying the time constant of the veloc- 
ity storage integrator. A similar change 
in time constant has been used as part of 
visual suppression in previous models (2, 
4). In support of a common mechanism 
being utilized during both visual suppres- 
sion and tilt suppression, the time course 
of the smooth decay of slow-phase ve- 
locity was similar for both responses 
(Fig. 1, B and C). Consistent with the 
proposed loss of stored activity in cen- 
tral structures, there was no return of 
slow-phase velocity when the animal 
was moved back to the upright position 
(tl in Fig. IB). 

After nodulectomy and partial uvulec- 
tomy, the gain of the VOR was un- 

Tilt suppression 
B 

changed. The time constant of postrota- 
tory nystagmus increased to about 30 
seconds (Fig. ID). This was the domi- 
nant time constant of the VOR that had 
been present when testing had first be- 
gun. (Note the difference in time base 
between Fig. 1, A to C, and Fig. 1, D to 
F.) The time constant of OKAN was 
similarly increased after nodulectomy to 
about 30 seconds in two of the four 
animals (Fig. 2C). After the lesions, re- 
peated exposure to rotatory or optoki- 
netic stimuli no longer caused shortening 
of the time constant of either postrota- 
tory nystagmus or OKAN. Thus the abil- 
ity to habituate the time constant of per- 
and postrotatory nystagmus and OKAN 
was lost after removal of the nodulus and 
uvula. These effects, which have been 
described before (9) ,  were permanent 
and did not recover. 

After surgery exposure to a stationary 
visual surround during postrotatory nys- 
tagmus (to in Fig. IF) caused the same 
initial rapid drop in slow-phase eye ve- 
locity as before the lesion (Fig. IC). 
However, eye velocity did not decay 
rapidly to zero after the initial drop, but 
stayed at approximately the same level 
throughout the period of exposure to the 
stationary visual surround. When the 
lights were extinguished (tl), slow-phase 
eye velocity recovered to a value close 
to that which would have been expected 
had there been no period of suppression 

Visual  suppression 

C 
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Fig. 1. Horizontal postrotatory nystagmus induced by angular rotation at a constant velocity of 120 deglsec, before (A to C) and after (D to F) no- 
dulo-uvulectomy. Eye velocities associated with saccades have been manually removed for clarity. In (B) and (E), the monkey was tilted 60" to 
the right at the upward deflection of the chair position trace (to) and brought back to the upright at the downward deflection ( t , ) .  In (C) and (F), the 
animal was exposed to a stationary lighted surround at to for the period shown by the solid bar under the slow-phase velocity trace. The lights 
were turned off at t , .  The dotted lines in (B), (C), (E) and (F) show the expected decline in slow-phase velocity if the animal had been upright and 
in darkness during the postrotatory period, extrapolated from the slow-phase velocity envelope of (A). The time base for (A to C) is shown under 
(C) and that for (D to F) under (F). Abbreviations: HEOG, horizontal EOG; SP, slow phase; vel, velocity. 
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(dotted line in Fig. IF). The nystagmus 
then declined over a time course similar 
to that of postrotatory nystagmus in 
darkness (Figs. 1F and ID). Only after a 
period of suppression of 20 to 30 seconds 
did the nystagmus not reappear when the 
animal was put back into darkness. The 
time constant of the decline in stored 
activity when the animal was continu- 
ously exposed to a stationary visual sur- 
round was 8 to 12 seconds, whereas it 
had been 3 to 5 seconds before surgery. 

Results were similar during OKAN. A 
period of visual suppression that had 
completely dumped stored activity be- 
fore the lesion (6 seconds) caused only a 
slight decrease in the velocity of nystag- 
mus when the animal was once again in 
darkness (t, in Fig. 2A). Eye velocity did 
not recover to the level that would have 
been present had there been no period of 
suppression (dashed line in Fig. 2A). 
This indicates that the visual system had 

not entirely lost its ability to decrease the 
time constant of decay of stored central 
activity during suppression. This capa- 
bility was markedly attenuated, howev- 
er. 

Effects of removing the nodulus and 
uvula on tilt-suppression of nystagmus 
were equally striking. After surgery, tilt- 
ing the animals had no effect on the time 
constant of vestibular postrotatory nys- 
tagmus (to and t, in Fig. lE),  and time 
constants during trials when the animals 
were tilted were the same as when the 
animals were upright (Fig. ID). Results 
were similar during OKAN (Fig. 2C). 
This indicates that tilt suppression of 
nystagmus was lost after nodulectomy 
and partial uvulectomy. 

The initial fast rise in slow-phase ve- 
locity at the onset of OKN was unaffect- 
ed by the lesions. This is consistent with 
the hypothesis that the rapid rise in OKN 
slow-phase velocity is mediated by the 

flocculus (10, 11); the nodulus and uvula 
are probably not involved in this func- 
tion. 

In addition, two of three monkeys that 
were tested for it had periodic alternating 
nystagmus after the nodulus and ventral 
uvula had been removed. The response 
occurred within several minutes after 
animals were put into darkness and was 
not present in light. The time'to onset 
was shorter when the monkeys had re- 
ceived preceding optokinetic or vestibu- 
lar stimulation. An example of nystag- 
mus alternating after an optokinetic stim- 
ulus of 60 degisec is shown in Fig. 2, A 
and B. The primary phase of OKAN was 
followed by a brisk secondary phase 
(Fig. 2A), which was then succeeded by 
continuous alternations in the direction 
of the nystagmus (Fig. 2B). Peak veloci- 
ties of the alternating nystagmus were 25 
to 35 degisec, and occurred at periods of 
180 to 300 seconds. Periodic alternating 
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Fig. 2. OKN, OKAN, and periodic alternating nystagmus induced by movement of the visual surround at 60 deglsec after nodulectomy. Eye 
velocities associated with saccades have been manually removed for clarity. In (A) the lights were turned on for a 6-second period during OKAN 
at to. This resulted in a reduction in slow phase velocity which partially recovered when darkness was restored at t l .  The dashed line shows the 
velocity during primary OKAN that would have been expected had there been no period of suppression. (B) Continuation of (A), but at 115 the 
speed. Nystagmus continued to wax and wane as long as the animal was in darkness. (C) The animal was tilted 60" from the upright at to. At t l  it 
was brought back to the upright position. 
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nystagmus in some humans is effectively 
reduced with baclofen (30 mgiday) (12). 
The alternating nystagmus was abolished 
in both monkeys at dosages o f  less than 
10 mgiday . 

These data are consistent with the idea 
that there is a mechanism that can 
dynamically shorten the dominant time 
constant o f  the V O R  in response to cer- 
tain types o f  visual and vestibular stimu- 
lation. These include conflicting visual 
and vestibular stimuli or head position 
changes during postrotatory nystagmus 
or OKAN. This mechanism seems to 
depend on the integrity o f  the nodulus 
and uvula, as it is lost when they are 
removed. Whereas a single process 
could be responsible for the rapid dis- 
charge of  activity during tilt suppression, 
several processes probably cause the 
changes in eye velocity during visual 
suppression. One is associated with 
pathways through the flocculus that di- 
rectly oppose signals arising in the ves- 
tibular system to null compensatory eye 
movements ( I ,  3 ,  10, 11). It has no effect 
in discharging stored activity responsible 
for slow-phase velocity in the vestibular 
nuclei (13). Another dynamically slug- 
gish process, using pathways from the 
accessory optic system and pretectum 
(14), is responsible for charging and dis- 
charging activity in the central vestibular 
system (4 ,  11, 15). Because it stores 
activity related to slow-phase velocity, it 
has been called a "velocity storage" 
mechanism (2, 4) .  Presumably, the small 
loss in slow-phase velocity during at- 
tempts at visual suppression during post- 
rotatory nystagmus (Fig. IF) or OKAN 
(Fig. 2A) was due to activation o f  this 
mechanism by a central representation 
of  retinal slip. Acting on the velocity 
storage mechanism is the "dump" mech- 
anism that is lost after nodulus and uvula 
lesions. Although it rapidly discharges 
residual stored activity, it does not 
charge the velocity storage integrator. 

On the basis o f  these results, we pro- 
pose that the flocculus and the nodulus 
and uvula have complementary roles in 
modifying the vestibulo-ocular reflex. 
The flocculus mediates rapid changes in 
eye velocity from the visual system. It 
aids the V O R  in stabilizing gaze during 
ocular compensation and suppresses the 
V O R  when watching targets or a visual 
surround that moves with the head. The 
nodulus and uvula, on the other hand, 
appear to have little or no effect on visual 
and vestibular pathways that cause rapid 
changes in eye velocity. Instead they 
affect the V O R  by dynamically control- 
ling the dominant time constant o f  the 
velocity storage integrator. This could be 
accomplished through their direct con- 

nections to the vestibular nuclei (16, 17). References and Notes 

Differences in function between the floc- 
culus and the nodulus and uvula may be 
related to the differential projections of  
these areas (16). 

The nodulus and uvula may also have 
more global functions in controlling the 
VOR.  It was not possible to habituate 
the time constant o f  either per- or postro- 
tatory nystagmus or OKAN after no- 
dulo-uvulectomy, and previous modifi- 
cations of  the V O R  time constant were 
lost. There was also periodic alternating 
nystagmus in two o f  three animals after 
operation. Such nystagmus has been 
modeled as the oscillation of  an unstable 
nonlinear system (18). Thus, the nodulus 
and uvula may also be important in ha- 
bituating and stabilizing the vestibulo- 
ocular reflex (19). 
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Digestive Adaptations for Fueling the Cost of Endothermy 

Abstract. Little is known about the digestive adaptations that enable mammals to 
sustain metabolic rates an order of magnitude higher than those of reptiles. 
Comparisotz of several features of digestion in mammals and lizards of similar size 
eatitzg the same diet revealed that mammals processed food tetz times faster atzd with 
the same or greater extraction eficiency. Transport kinetics and rates of tzutrietzt 
absorptiotz normalized to the quatztity of itztestitzal tissue were similar in these two 
classes of vertebrates. The main basis for faster absorption in mammals is their 
much greater intestitzal surface area. 

The differences in respiratory, circula- 
tory, reproductive, and excretory physi- 
ology between mammals and reptiles 
have been much studied. However, little 
is known about the differences in diges- 
tive physiology that fuel the metabolic 
cost o f  endothermy. Mammals have met- 
abolic rates and hence food requirements 
exceeding those o f  lizards by an order of  
magnitude ( I ) ,  and there are at least eight 
types o f  digestive adaptations that could 
in theory enable mammals to meet this 
greater need for nutrients: faster food 
processing; higher extraction efficiency 
at the same body temperature; higher 
efficiency due to higher body tempera- 
ture at night; greater intestinal surface 
area at the macroscopic, microscopic, or 

submicroscopic levels; and higher nutri- 
ent transport rates due to higher passive 
permeability or to higher capacities or 
binding affinities o f  active transport 
mechanisms. Although transit times (2, 
3 ) ,  extraction efficiencies (3, 4 ) ,  and 
rates o f  transport (5-7) have been mea- 
sured in some species o f  mammals and 
lizards, these quantities depend on diet 
and body size (5-8), and comparisons 
between mammals and lizards o f  the 
same size eating the same diet are lack- 
ing. The mechanisms underlying mea- 
sured extraction efficiencies and trans- 
port rates in lizards remain unexplored. 

Thus, quantitative assessment o f  the 
various factors that might account for 
the high digestive rates o f  mammals is 
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