extrinsic cues. Second, the size of the
axonal arbor (the total number of vari-
cosities) appears to be an intrinsic prop-
erty of the differentiated neuron. This
feature of the neuron is also relatively
immune to external cues. Finally, the
distribution of varicosities within an axo-
nal arbor is subject to modulation by
neighboring terminals (2, 4). Thus, com-
petition works within constraints set by
intrinsic properties of the neuron.
R. K. MURPHEY
C. A. LEMERE
Neurobiology Research Center, State
University of New York, Albany 12222
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Is There an Evoked Vascular Response?

Abstract. Event-related potentials of the brain are enhanced when stimulation is
synchronized with diastolic phases of cerebral or cephalic pulse pressure waves. A
cerebral vascular event has been found to be temporally consistent with the event-
related potential. Averaged evoked vascular responses were measured with bioim-
pedance techniques from the brain and the arm. Changes in brain blood volume
occurred 150 to 250 milliseconds after stimulation synchronized with diastolic but not
systolic phases of the cerebral pulse pressure wave. The time course of this
phenomenon defies the usually accepted characteristics of metabolic activity. The
evoked vascular response may be a neurally mediated event in anticipation of altered
metabolic demand, and it offers the possibility of measurement in real time.

A major problem in assessing cerebral
metabolism during mental processing is
temporal resolution of measurement.
The 2-deoxy-D-glucose autoradiographic
techniques in animals (/) and the posi-
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tron emission tomographic approach in
human subjects (2) provide promising
tools for localization; the temporal reso-
lution of these procedures, however, is
30 to 40 minutes, which is unsuitable for
assessing event-related mental activity.
An invasive method has recently been
described for measuring local cerebral
blood flow in animals with a temporal
resolution of 30 to 40 seconds (3). We
now report a noninvasive method for
measuring transient responses of the ce-
rebral vasculature in the range of milli-
seconds in conscious human subjects.
The method permits the assessment of
neurogenic hemodynamics reflecting
mental activity in real time.
Electrophysiological procedures, such
as event-related potentials (ERP’s) of the
brain, are reliable temporal measures of
neural function (4). Such ERP’s measure
obligatory ‘‘reflexes’’ of the brain linked
to physical stimuli as well as endogenous
responses, such as stimulus evaluation
and decision time (5). Cardiovascular
phase influences evoked responses of
the brain (6). Stimulation synchronized
with the diastolic phase derived from the
carotid or ophthalmic artery augments
the ERP; conversely, stimulation during
the systolic phase attenuates the ERP.
These and other influences on sensory
threshold (7) have been proposed to re-
sult from the influence of baroreceptors
on higher centers of the brain (8). How-
ever, irrespective of cardiovascular
phase, brief auditory stimuli also evoke

Fig. 1. Individual difference waves. Each
wave is the result of subtracting 40 diastole-
stimulated wave forms (250 msec prestimulus
and 1250 msec poststimulus) from 40 nonstim-
ulated wave forms. Each subject’s record
shows a stimulus-induced volumetric change
occurring between 200 and 400 msec. Most
wave forms reflect transient changes in vol-
ume without changes in flow, since imped-
ance signals tend to return to baseline within
the short sampling period. Even though the
cardiac period varied considerably among the
subjects, the temporal characteristics of the
waves were consistent. The 10 percent
change shown refers to the percentage change
from the nonstimulated wave form.
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transient responses in the peripheral ner-
vous system (9) and change the local
availability of oxygen to the brain (10).
Additionally, studies in animal (/1) and
human (I2) subjects demonstrate stimu-
lus-linked responses in localized pulsa-
tile blood-flow wave forms recorded
from the thalamus, hypothalamus, and
globus pallidus. Quantification and char-
acterization of stimulus-induced hemo-
dynamic changes have not been accom-
plished, and their mechanism remains
uncertain. Rapid changes in blood flow
are probably not the result of the action
of local regulatory mechanisms, which
are principally activated by metabolic
end products such as carbon dioxide, but
may be neurally mediated events that
increase or decrease the availability of
essential metabolic substrates (such as
oxygen and glucose) in anticipation of
altered metabolic demand (/3).

In conscious human subjects, we have
examined rapid changes in blood volume
evoked by brief auditory stimuli present-
ed during the systolic or diastolic phass
of the cardiac cycle. Pulse volume wave
forms were derived from the left central
cerebral cortex (N = 10) and the left
forearm (N = 8) through the use of im-
pedance plethysmography.

Healthy right-handed volunteers were
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tested with the rheoencephalogram
(REG), a measure of the volume of blood
in the brain, and with impedance mea-
sures of forearm blood volume. The out-
put of the impedance plethysmographs
was amplified and filtered at low fre-
quency (time constant, 0.45 second) on a
polygraph (Grass model 79). Delivery of
the stimuli and collection of blood vol-
ume wave forms were done with a com-
puter (PDP 11/34) at a sampling rate of 1
kHz for 1250 msec.

For the REG, a small oscillating cur-
rent (100 kHz, 4 mA) was applied to the
scalp with silver electrodes developed
for electrocardiograms placed at F; and
0,. Changes in impedance, measured
with silver electroencephalographic disk
electrodes placed 7 cm apart on either
side of C3 (left central hemisphere of the
brain), reflected linear changes in cere-
bral blood volume. Thus, the tissue of
the brain was included in an electrical
circuit in the form of a volume conduc-
tor. Studies of selective cerebral arterial
compression (/4) and correlation with
radioisotope methods (I5) have estab-
lished that the REG measures intracrani-
al rather than extracranial vascular
events (16).

Pulse volume wave forms were re-
corded from the left forearm with four
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Fig. 2. (A) Averaged pulse-pressure waves from a single subject. (When the tone presentation
occurred during systole, an EVR was not apparent; when presented during diastole, however, a
short-latency perturbation occurred.) The bioimpedance wave forms collected in this study
were not simply the mean basal impedance, Z,, but the change in impedance with respect to Z,,
AZ (20). Therefore, differences observed between stimulus and nonstimulus conditions reflect
differences in AZ. Further, the EVR is not simply the result of a rapid change in the capacitive
reactance of tissues, as it contributes negligibly to the AZ signal at the applied oscillator
frequency (100 kHz.). (B) Grand mean difference wave forms for the head and arm for
stimulation synchronized with systole and diastole. No stimulus-linked volume change was
evident in either the head or arm during systole, although similar responses occurred during

diastole.
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bands of aluminum-lined Mylar tape.
Current-carrying bands were placed on
the bicep and just above the wrist. The
current-detection electrodes were placed
between the current-impressing elec-
trodes (10 cm apart). While recording,
the arm was kept at heart level on a
pillow. Thus, two separate current-im-
pressing and impedance-detecting cir-
cuits were used.

Procedures identical to earlier studies
of the ERP were used to derive average
pulse volume wave forms (6). Auditory
stimuli were synchronized with systolic
or diastolic components of an ophthal-
mic pulse pressure wave derived from a
photoplethysmograph (/7). The stimu-
1i—450-Hz, 80-dB tones of 200-msec
duration—were presented binaurally
through headphones. Subjects were
comfortably seated in-a sound-attenuat-
ed room with 15 dB of ambient white
noise. Stimuli were activated by a
Schmidt trigger that detected amplitude
changes in the signal from the ophthal-
mic photoplethysmograph (I/8). The
threshold of the trigger was continuously
adjusted corresponding to 25 percent of
the wave form amplitude. The pulse
pressure waves of the brain and the arm
were averaged across 40 stimulus pre-
sentations and compared on a trial-to-
trial basis with the prestimulus pulse
pressure wave.

Four temporally adjacent factors of
the REG were identified with a varimax
rotation of the factor structure generated
by principal component analysis. The
first factor (which accounted for the
most variance) comprised the sampling
epoch between 300 and 540 msec. The
second (40 to 100 msec), third (100 to 200
msec) and fourth (200 to 300 msec) fac-
tors completed the description of the
wave form. These factors are consistent
with the average of the individual subject
waves (Fig. 1). The factor structure was
not interpretable for waves evoked dur-
ing systole. Thus, the evoked vascular
response (EVR) can be characterized by
factor analytic procedures when syn-
chronized with diastole but not systole.

The differences between the stimulus
and prestimulus waves for the arm and
head placements were analyzed by a
stepwise discriminant function proce-
dure (BMD P7M). A linear combination
of variables occurring at 60, 40, 260, 160,
and 250 msec were selected as the most
discriminating in this analysis. The stim-
ulus and prestimulus waves for the REG
alone were discriminated for 62.5 per-
cent of the cases. For the peripheral
placement, the stimulus and prestimulus
were separated 37.5 and 62.5 percent,
respectively (50 percent was chance).
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Separate analysis of diastole-triggered
EVR’s for the REG, however, yielded a
statistically significant difference be-
tween the prestimulus and poststimulus
segments (Fig. 2). Although 87.5 percent
of the waves were classified accurately
[F(7, 8) = 3.92, P < 0.05], only 68 per-
cent of the stimulus and prestimulus
waves were classified accurately during
diastolic phase for blood volume re-
sponses of the arm. Stimulation during
systole was not significantly discriminat-
ed from the prestimulus wave with any
analysis.

To our knowledge, this is the first
report of transient, rapid changes in a
measure of the cerebral vasculature from
conscious human subjects. This rapid
EVR was evident only when stimulation
was synchronized with the diastolic
phase of the ophthalmic artery. Although
the response was observed in the periph-
ery, it did not occur reliably. The latency
of the EVR defies the time course related
to previously described vascular changes
in response to altered metabolic activity.
Thus, this response may be a neurogeni-
cally mediated vascular event in prepara-
tion for altered metabolic demand.

Enhancement of the EVR during dias-
tole is consistent with previous reports
with the ERP (/6). Auditory stimulation
synchronized with diastolic phase result-
ed in a 10 to 20 percent augmentation of
the attentional (N1) component of the
ERP. Our results suggest that rapid
changes in blood volume occur accord-
ing to a similar schedule and are of
similar proportion (/9). The temporal
similarities between response of the ce-
rebral vasculature and the electrical re-
sponse of the brain suggest common
generating mechanisms. For instance,
decreased baroreceptor activity (as dur-
ing diastole) is associated with increased
cerebral blood flow and release from
neuronal inhibiton (/3). Our results sug-
gest that stimulation during diastole can
evoke rapid changes in cerebral vascular
events and augment the ERP. The EVR
may prove to be a neurally mediated
phenomenon that not only yields clini-
cally relevant information regarding the
integrity of vasomotor systems but also
may provide new information of brain
metabolism related to detecting and
processing external information in real
time.

CURT A. SANDMAN
JAMES P. O’HALLORAN
ROBERT ISENHART
Department of Psychiatry and Human
Behavior, University of California
Irvine Medical Center,
Orange 92668, and Fairview Hospital,
Costa Mesa, California 92626
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Predator-Induced Defense in a Marine Bryozoan

Abstract. Laboratory experiments showed that predation by both trophically
specialized and generalized nudibranch species triggers rapid induction of defensive
spines in the bryozoan Membranipora membranacea. Spines effectively control the
pattern and extent of intracolony mortality caused by nudibranch predation.
Previously found only in plants, rotifers, and cladocerans, consumer-induced
defenses may be widespread among clone-forming or colonial taxa exposed to

nonfatal encounters with predators.

Most plants (/) and some asexually
reproducing invertebrates (2) respond to
attack by consumers with production
and mobilization of inducible defenses.
Inducible defenses are produced only in
response to stimuli from consumers and
consequently are as temporally and spa-
tially intermittent as the stimuli trigger-
ing them. Among animals, the capacity
to respond to predation with induced
defenses has been demonstrated only by
asexually reproducing groups such as
cladocerans and rotifers (2). Attacks by
internal parasites also trigger induced
immunological defensive responses in
most metazoan hosts (3). Attdacks on
plants, metazoans (by parasites), and
rotifers share the common feature that
the prey are only partially damaged and

can therefore respond with an appropri-
ately timed defense. Although individual
units may be killed, predation on rotifers
and cladocerans is usually nonlethal to
the genome (the appropriate evolution-
ary unit), which is represented by a
spatially discontinuous collection of ra-
mets (4). Partial predation on any taxon
may favor the evolution of induced de-
fenses if initial damage is a reliable pre-
dictor of additional tissue loss and if
sufficient time and resources are avail-
able for the prey to mobilize an effective
defense. I now describe a novel morpho-
logical defense elaborated by a cheilo-
stome bryozoan in response to attack by
slowly feeding, spatially and temporally
intermittent molluscan predators.
Bryozoans, like other colonial inverte-
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