nystagmus in some humans is effectively
reduced with baclofen (30 mg/day) (12).
The alternating nystagmus was abolished
in both monkeys at dosages of less than
10 mg/day.

These data are consistent with the idea
that there is a mechanism that can
dynamically shorten the dominant time
constant of the VOR in response to cer-
tain types of 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 of 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 (, 3, 10, 11). It has no effect
in discharging stored activity responsible
for slow-phase velocity in the vestibular
nuclei (/3). 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. 1F) or OKAN
(Fig. 2A) was due to activation of 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 of 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 VOR in stabilizing gaze during
ocular compensation and suppresses the
VOR 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 VOR by dynamically control-
ling the dominant time constant of the
velocity storage integrator. This could be
accomplished through their direct con-
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nections to the vestibular nuclei (16, 17).
Differences in function between the floc-
culus and the nodulus and uvula may be
related to the differential projections of
these areas (/6).

The nodulus and uvula may also have
more global functions in controlling the
VOR. It was not possible to habituate
the time constant of either per- or postro-
tatory nystagmus or OKAN after no-
dulo-uvulectomy, and previous modifi-
cations of the VOR time constant were
lost. There was also periodic alternating
nystagmus in two of three animals after
operation. Such nystagmus has been
modeled as the oscillation of an unstable
nonlinear system (/8). 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.
Comparison of several features of digestion in mammals and lizards of similar size
eating the same diet revealed that mammals processed food ten times faster and with
the same or greater extraction efficiency. Transport kinetics and rates of nutrient
absorption normalized to the quantity of intestinal tissue were similar in these two
classes of vertebrates. The main basis for faster absorption in mammals is their

much greater intestinal 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 of endothermy. Mammals have met-
abolic rates and hence food requirements
exceeding those of lizards by an order of
magnitude (/), and there are at least eight
types of 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 of active transport
mechanisms. Although transit times (2,
3), extraction efficiencies (3, 4), and
rates of transport (5-7) have been mea-
sured in some species of mammals and
lizards, these quantities depend on diet
and body size (5-8), and comparisons
between mammals and lizards of 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 of the
various factors that might account for
the high digestive rates of mammals is
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unavailable. We therefore studied two
species each of herbivorous or omnivo-
rous lizards and mammals eating the
same diet of alfalfa pellets to compare
them with respect to the eight digestive
features listed above (Table 1). We also
compared seven other species of mam-
mals to three species of reptiles with
respect to some but not all of these
features (9).

The daily food intake required to
maintain constant body weight was five
to ten times greater in mammals than in
reptiles of similar size (Table 1). These
higher intakes were possible because
transit times of individual meals through
the gut (10, 11) were ten times faster in
the mammals (Table 1). Faster transit
times might be expected to yield lower
extraction efficiencies because there
would be less time for enzymatic diges-
tion and absorption in the small intestine
and for microbial digestion in the large
intestine. However, apparent extraction
efficiency (/2) was as high or higher in
the mammals compared to the lizards
(Table 1).

To study extraction of individual di-
etary components, we compared desert
woodrats and chuckwallas as follows.
Plant diets consist of an inorganic com-
ponent—ash (minerals)—and two pri-
marily organic components—an easily
soluble, nonfibrous fraction composed
mainly of cell contents and digested in
the small intestine, and a fiber fraction
[neutral detergent fiber (/3)] composed
mainly of cell walls and digested in non-
ruminants by microbial fermentation in
the hindgut. Woodrats and chuckwallas
did not differ significantly in apparent
extraction (/2) of ash [56 = 3 percent
compared to 48 = 2 percent (mean
+ standard error of the mean, n = 4 per
species); P > 0.05 (z-test)] or of the solu-
ble fraction [70 = 2 percent compared to
68 = 5 percent (n =4 per species);
P > 0.5]. However, woodrats exceeded
chuckwallas in apparent extraction of
fiber (34 =2 percent compared to
21 = 3 percent; P < 0.05) and therefore
also in overall extraction efficiency
(55 = 2 versus 46 = 2 percent; P < 0.05)
(Table 1).

These results suggest that extraction
efficiency of both the small and large
intestine in mammals is similar to or
greater than that of lizards, even though
mammals must process food in shorter
times. This difference was not due to the
body temperatures of the ectothermic
reptiles dropping to 24°C at night be-
cause extraction efficiency was not sig-
nificantly different [difference, 2.2 per-
cent = 2.5 percentage units; P > 0.4
(paired #-test)] in chuckwallas main-
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(pmol/min)
L-Proline

Uptake capacity

D-Glucose

Microscopic
area
(cm?)

Small intestine
Nominal
area
(cm?)

Length
(cm)

Apparent
extraction
efficiency
(percent)

Mean
retention
time
(hours)

Food intake
(grams of
dry matter

per day)

Body
weight

(grams)

Table 1. Digestive measurements of four lizard and mammal species. The small intestine was viewed as a smoothbore cylinder for determination of nominal area, and the microscopic area takes into account
Species

folds such as villi and ridges. Uptake capacities are transport capacities for the whole small intestine, determined by measuring uptake of glucose or proline as a function of intestinal position and

integrating over the intestinal length (6). Values are reported as the mean * standard error of the mean, with the number of animals given in parentheses.
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tained at 37°C for 24 hours per day.
Thus, mammals must compensate for
their faster transit times by means of
greater absorptive surface area or higher
rates of nutrient transport per unit area
(or both).

To compare rates of \nutrient trans-
port, we used everted intestinal sleeves
in vitro to measure uptake of sugar and
amino acid across the apical (that is,
lumen-facing) cell membrane of the in-
testinal epithelium (6, 7, 14). For all
species studied (seven mammalian and
five reptilian), the uptake of D-glucose or
L-proline at 50 mAM—a concentration suf-
ficient to saturate the active transport
mechanisms—was maximal in the proxi-
mal part of the small intestine. Rates of
uptake in this region were similar in the
species of herbivorous mammals and
reptiles eating alfalfa pellets (Table 2).

Mammals and reptiles were also simi-
lar in four other aspects of nutrient trans-
port. First, the proportion of the total
uptake of glucose or proline that is active
and sodium-dependent was similar. For
instance, passive uptake of glucose mea-
sured by L-glucose accounts for 3 to 25
percent of total uptake in mammals (six
species) and 6 to 9 percent in reptiles
(three species). Second, the temperature
dependencies of active glucose uptake
between 25° and 40°C in desert iguana
(Q10, 2.51 £ 0.40; n = 6) and woodrats
(Q19, 2.28 £ 0.10; n = 4) were not sig-
nificantly different (P > 0.5), even
though the former is an ectothermic poi-
kilotherm and the latter an endothermic
homeotherm. Third, the kinetics of ac-
tive D-glucose transport is similar: both
mammals (five species) and reptiles (two
species) displayed Michaelis-Menten ki-
netics with an apparent binding constant
near 1 mM. Fourth, both mammals
(three species) and lizards (three species)
yielded low but measurable rates of ac-
tive uptake of p-glucose and proline in
the large intestine at less than 10 percent
of the peak values for the small intestine
and accounting for only 1 to 8 percent of
the total transport capacity of the gut.

Because mammals and lizards have
similar transport mechanisms and similar
transport rates normalized to the quanti-
ty of intestinal tissue (/5), what compen-
sates for the faster transit times of mam-
mals? Their intestinal surface area is
about six times greater than that of rep-
tiles of similar body weight. This differ-
ence arises from at least one, and possi-
bly two, factors. First, although gut di-
ameters of mammals and lizards are sim-
ilar, the small intestine in mammals has
more coils and hence is longer (see Table
1). The factor by which the length of the
small intestine exceeds the linear dis-
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Table 2. Rates of uptake (nanomoles per minute per centimeter of intestine) and total transport
capacities (nanomoles per minute per gram®’>) for three species each of mammals and reptiles.
Rates of uptake were measured in the proximal part of the small intestine and are given as the
range of values, with the mean value in parentheses. Transport capacities are relative to the
metabolic live mass (W) of the animals and are given as the mean * standard error of the

mean.

Rate of uptake (mean)

Transport capacity

Class
p-Glucose* L-Prolinef D-Glucose* L-Prolinet
Reptiles 294 to 831 (485) 249 to 377 (329) 109 = 32 119 £ 32
Mammals 401 to 615 (487) 329 to 676 (511) 734 + 328 800 = 301

*Carrier-mediated uptake. fTotal uptake.

tance from mouth to anusis 4.1 + 0.5 for
the eight species of small mammals stud-
ied but only 1.6 = 0.3 for the five species
of reptiles. Second, the actual surface
area of the intestine is 4 to 13 times
greater than that of the corresponding
smoothbore cylinder (compare columns
7 and 8 of Table 1) because of elabora-
tions of the intestinal mucosa at the
microscopic level (finger-like villi in
mammals and long ridges in lizards) and
is increased another order of magnitude
by microvilli. The factor for increase in
surface area at the microscopic level
may be higher for mammals (7.4 = 1.6
for five species studied) than for lizards
[4.0 for one species; see (16)]. When
rates of uptake were integrated over the
whole length of the small intestine to
yield the total transport capacity [see (6,
7) and Table 1], these capacities, wheth-
er related to weight or to metabolic live
mass, were an average of 6.8 times great-
er for mammals than for reptiles, for
both glucose and proline (Table 2).
Thus, in the evolution of mammals
from reptiles the key adaptation of the
digestive system to the need for higher
nutrient uptake is analogous to the key
adaptation of the respiratory system to
the need for higher oxygen uptake (/7),
that is, a great increase in absorptive
surface area. Through lengtheriing of the
gut (and possibly by microscopic elabo-
rations), the intestine is enabled to pro-
cess food in a shorter time without any
sacrifice in extraction efficiency. This
pattern of intestinal adaptation during
the evolution of endothermy resembles
the adaptations, within an individual ani-
mal’s lifetime, to many other conditions
associated with increased requirements
for nutrient uptake, such as pregnancy,
lactation, diabetes, intestinal resection,
and perhaps reduced environmental tem-
peratures (5). Under these conditions,
the intestine adapts by a proliferation of
mucosal surface per unit length of intes-
tine. Such mucosal proliferation has the
same result as lengthening of the gut:
namely, increased rates of uptake for all
nutrients. These anatomical responses
contrast with the other main adaptive
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pattern of the gut, that is, induction or
repression of specific transport mecha-
nisms that enable animals to adapt phe-
notypically or evolutionarily to changes
in diet (5-7).
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Herbicide Resistance and Cross-Resistance: Changes at

Three Distinct Sites in the Herbicide-Binding Protein

Abstract. Plants and algae resistant to the commonly used s-triazine herbicides
display a wide spectrum of cross-resistance to other herbicides that act in a similar
manner. Analysis of uniparental mutants of the green alga Chlamydomonas rein-
hardi showed that three different amino acid residues in the 32-kilodalton thylakoid
membrane protein can be independently altered to produce three different patterns
of resistance to s-triazine and urea-type herbicides. These results clarify the molec-
ular basis for herbicide resistance and cross-resistance. Two of the mutations do not
alter normal electron transport and thus may have applications of agronomic interest.

The light reactions of photosynthesis as atrazine [2-chloro-4-ethylamino-6-

take place in the chloroplast thylakoid
membrane, mediated in part by the mem-
brane-bound complexes of photosystem
I (PS I) and photosystem II (PS II).
Many commonly used herbicides, such

(isopropylamino)-s-triazine] and diuron,
or DCMU [3-(3,4-dichlorophenyl)-1,1-di-
methylurea], inhibit photosynthesis by
preventing electron transfer at the reduc-
ing side of PS II (/). Recent studies (2—4)
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