which has a maximum at 520 nm (6).
They agree well with the secondary
peak at 530 nm in the spectral sensitivi-
ty of the median ocellus of Limulus.
This peak is suggested to result from
a pigment distinct from the one re-
sponsible for the main peak at 360 nm
(7). Recordings of single cells show that
the lateral eye contains two cell types
—alpha cells with maximum sensitivity
at 525 nm and beta -cells with broad
sensitivity from 550 nm to 350 nm (8).
The photopigment of the alpha cells
may be the same as the one reported
here for the photoreceptor cells of the
lateral olfactory nerve.

GEORGE C. MURRAY
Department of Biophysics,
Johns Hopkins University,
Baltimore, Maryland 21218
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Periventricular Cerebral Impedance

after Intraventricular Injection of Calcium

Abstract. Injection of small volumes of calcium solution into the lateral ventricle
of the cat was followed by large electrical-impedance changes in gray matter
bounding the ventricle, including the caudate nucleus and hippocampus. These
changes lasted more than 24 hours and were accompanied by epileptiform elec-
troencephalographic activity. Biweekly injections led to status epilepticus. Injec-
tions of similar amounts of magnesium ions were without comparable effects. Pos-
sible interactions between calcium ions and intercellular macromolecular material
are discussed as a basis for certain impedance shifts in cerebral tissue.

Impedance-measuring currents ap-
plied to cerebral tissue appear to pass
mainly through intercellular fluid (1)
and perhaps also through neuroglial
cells. The role of these cells as a sub-
stantial pathway for current remains un-
certain, but low resistance of the neu-
roglial membrane has been reported in
tissue culture (2). Neuronal membrane
resistance has been repeatedly estimated
at 4 to 7000 ohm cm? in the mammal,
at least several orders of magnitude
greater than resistance of intercellular
fluid (3).

Impedance changes in cerebral tissue
have been detected in the course of
alerting, orienting, and discriminative
responses (4). Nevertheless, the origin
of impedance changes accompanying
physiological responses has remained
obscure. Electron micrographs prepared
with glycol solutions (5) showed a sub-
stantial content of macromolecules, pos-
sibly mucopolysaccharides, in cerebral
extracellular fluid. This suggested to us
that divalent cations, such as calcium,
may be important in regulation of mac-
romolecular configurations at the neu-
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ronal surface, thus influencing ionic
fluxes that determine neuronal excita-
bility and also modulate conductance
characteristics in perineuronal fluid.
Impedance measurements were made
in six cats with coaxial electrodes
chronically implanted bilaterally in the
caudate nucleus, dorsal hippocampus,
and amygdala. This technique employed
a small measuring signal with an ampli-
tude of 20 pv and a typical current
density of 10—13 amp per square
micron of electrode surface at 1.0
khertz and with the tissue in one leg
of a Wheatstone bridge. More than
90 percent of the current passed within
a volume of 1.0 mm3 surrounding the
electrode tip. With this method, the
residual bridge signal was amplified
and sampled through two gated pulse
“windows” placed in in-phase and
quadrature (90° displaced) . positions
relative to the 1.0-khertz sine-wave
test signal (4). The integrated output
of signals admitted through these win-
dows provided a measure of relative
resistive and reactive components of
tissue impedance. This coherent detec-

tion method is extremely sensitive to
small phase-locked components of am-
plified output of the bridge. Our previ-
ous studies indicated that impedance
responses accompanying physiological
stimuli do not arise in simple relation
to such factors as cerebral blood pres-
sure, cerebral blood flow, or tissue tem-
perature, but appear to relate directly
to physiological phenomena requiring
the presence of normal neural ele-
ments (4, 6).

After a postoperative interval of 30
days for impedance base line stabiliza-
tion, injections of calcium chloride so-
lution (40 or 60 peq in 0.1 ml) were
made through an intraventricular can-
nula, preceded by injections of an
equal volume of normal saline (Fig. 1).
No changes followed the saline injec-
tions. A sharp decline occurred in both
resistive and reactive components, be-
ginning 15 to 30 minutes after injec-
tion of 40 to 180 peq of calcium so-
lution, -in the structures which bound
the lateral ventricle.

In some cases impedance readings
were shifted from base line values by
as much as 25 percent for periods that
exceeded 36 hours. Maximum shifts
occurred within 2 hours of injection,
with slow return to base line there-
after. Changes were largest and earliest

‘in structures closest to the tip of the

cannula and were delayed 30 to 50
minutes in reaching peak values in
symmetrically placed leads in the op-
posite half of the brain. Injection of
calcium into the ventricle was regularly
followed by a topographically deter-
mined sequence of impedance changes,
consistent with diffusion from the in-
jection site through the cerebrospinal
fluid, but direct injection of calcium
solutions in doses up to 120 peq into
periventricular structures was without
comparable effects, except at electrodes
immediately adjacent to the injection
site. .
Onset of impedance shifts in hip-
pocampus and amygdala was accom-
panied by seizure-like discharges. How-
ever, impedance shifts were prolonged
for many hours beyond the cessation
of gross electroencephalographic ab-
normalities. In animals given 40 to 100
peq of calcium at intervals of 2 weeks,
status epilepticus resulted after three or
four injections, with generalized con-
vulsions leading to death. '
Although these findings strongly sug-
gest effects attributable to calcium, other
factors require consideration. Changes
due to altered volume of cerebrospinal
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Fig. 1. Periventricular impedance after right ventricular injection. Impedance in focal volumes (approxim':}tely 1.0 Ipm") of left
and right caudate nuclei following injections into the lateral ventricle of normal saline (0.15 ml?, magnesium chlprxde (40 weq
in 0.1 ml), and calcium chloride (60 weq in 0.1 ml). Major impedance changes occurred only with calcium solutions.

fluid were excluded by injections of
comparable volumes of normal saline.
On the other hand, mere osmotic
changes from hypertonic solutions
might produce impedance shifts, and
hypertonic sodium chloride has been
shown to produce seizures (7). If one
assumes a lateral ventricular volume of
1.0 ml, 40 peq of calcium uniformly
distributed through this ventricular
space would involve a concentration
increment of 20 times. At normal rates
of secretion of cerebrospinal fluid, this
would obtain for many minutes. Con-
centration gradients from cerebrospinal
fluid to electrode sites within brain sub-
stance would undoubtedly diminish the
magnitude of shifts occurring at the sur-
faces of juxtaventricular nerve cells,
but significant modifications would still
be anticipated.

Intraventricular injections of mag-
nesium chloride were made identical
in molarities and volumes with those
used for calcium. From 40 to 80 peq
of magnesium chloride evoked only
small perturbations in impedance base
lines in hippocampus and caudate nu-
cleus on the same side as the injection,
with a trend toward decreased im-
pedance amounting to only 2 or 3
percent of base line values. At elec-
trodes more remote from the injection
site, including ipsilateral amygdala and
in all contralateral placements, no
changes occurred. Brief epileptiform
discharges in the hippocampal site ad-
jacent to the ventricular cannula were
noted but persisted for much shorter
periods than with calcium.
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These findings with magnesium clear-
ly indicate that impedance charges in-
duced by calcium do not arise simply
from a nonspecific increase in concen-
tration of divalent cations or anions,
such as chloride. Rather, considerable
specificity appears to attach to the
mode of action of calcium, similar to its
specificity of attachment to certain
chelating agents and other molecules
8).

There is recent evidence that cal-
cium has a vital role in electrically
activated synapses (9). Susceptibility of
macromolecular polycarboxylic acids to
precipitation by alkaline-earth cations
has been emphasized. Remarkable
shrinkage in volume is induced by ex-
changing part of the sodium counter-
ions at the membrane surface with cal-
cium ions (Z0). Studies with cultured
neurons and dissected fragments of neu-
ronal membrane showed electrokinetic
effects in the presence of a focal electro-
motive force, in ways indicative of fixed
negative membrane charges and ap-
parently related to adherent macromo-
lecular layers (/1). Their direct role in
determining differential entry of sodium
and potassium to positions close to the
plasma membrane has been proposed
(12), and evidence has been advanced
that levels of perineuronal calcium can
modify membrane potentials in isolated
nerve fibers (73).

Evidence presented here is consistent
with the view that cerebral impedance
changes accompanying physiological re-
sponses may arise in perineuronal fluid
with a substantial macromolecular con-

tent and that calcium ions may modu-
late perineuranal conductivity, as well
as fluxes of sodium and potassium
across the neuronal membrane. For
these .reasons, the disclosure of im-
pedance changes in cerebral tissue, in
the course of alerting, orienting, and
discriminative responses, their selective
regional distribution, and dependence
on levels of learning, has focused at-
tention on the role of perineuronal ele-
ments in aspects of transaction and
storage of information in brain tissue
“4).

H. H. WaANG, T. J. TARBY

R. T. Kapo, W. R. ADEY
Brain Research Institute,
University of California,
Los Angeles 90024
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Electron Microscopy of
Living Insects

Abstract. Electron micrographs of
living specimens of the various devel-
opmental stages of the insect Tribolium
confusum have been obtained with a
scanning electron microscope. In most
cases the specimens resumed their nor-
mal activity after being examined with
the electron microscope and under-
went metamorphosis into the next stage.

Successful electron microscopy of liv-
ing material must overcome the ef-
fects of the vacuum and of the elec-
tron beam on the specimen. Most stud-
ies have concentrated on mitigating
the effect of vacuum (7). We report
some results obtained using a scanning
electron microscope (2), in which the
electron current is very much lower
than that in the conventional electron
microscope (3).

Table 1. Survival of Tribolium after ex-

posure to a pressure of 10-* torr for 30

minutes.

Develop- Speci- Sur-
mental mens vived
stage (No.) (No.)
Eggs 78 56%
Larvae 30 30
Pupae 30 30
Adults 30 30

* Represents the approximate hatch rate of con-
trol eggs.

Table 2. Survival of Tribolium after ex-
posure in the scanning electron microscope.

Develop- Speci- Sur-
mental mens vived
stage (No.) (No.)
Eggs 6 3*
Larvae 2 2
Pupae 4 4
Adults 2 11

* Represents the approximate hatch rate of con-
trol eggs. t The adult that died suffered pro-
longed (50 minutes) exposure to the electron
beam. Leg motion was observed in this animal
after exposure. Although exposure to scanning
electron microscopy did not prevent the insects
from passi through suc ive stages of devel-
opment, latest observations on these animals two
months after exposure suggest that adult life-
time is significantly shortened.
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The initial search was for specimens
capable of surviving a vacuum; a pre-
vious report that a beetle had ap-
parently survived being placed in a
vacuum did not identify the species
(4). The criterion for “survival” was
that the specimen be able to pass into
the next stage of development with
normal appearance and activity.

We used Tribolium confusum, a
small beetle that normally lives in a
dry environment and whose behavior
and appearance are well documented.
Radiobiological studies of this particu-
lar insect have been carried out for
some years at this laboratory (5). Sam-
ples of the eggs, larvae, pupae, and
adults were kept for 30 minutes in a
chamber evacuated to a pressure of
10—3 torr (Table 1). All developmental
stages of Tribolium can survive this
vacuum.

Samples of eggs, larvae, pupae, and
adults of Tribolium were viewed with
the scanning electron microscope. The
periods of exposure to the vacuum var-
ied from 2 minutes to 1 hour; the
periods of exposure to the electron
beam were of the same order. The
electron current varied from 2 X 10—11
to 2 X 10—10 amp, and the electron
energy was 25 kev. Living Tribolium
in all four stages can be observed
in the scanning electron microscope
(Table 2).

Although the highest magnification
shown in the micrographs is only 670
times, there is no reason why the full
resolution of the scanning electron
microscope should not be used if neces-
sary—that is, a useful magnification
of 20,000 times (3). In our experi-
ments, the specimen was placed far-
ther from the final lens so that an
area large enough to show the whole
insect could be scanned; this resulted
in poorer resolution. Even so, the depth
of focus shown in these micrographs
is greater than that which could be
attained in a light microscope.

Consider the density of radiation
at the surface of a specimen when
irradiated by a -stationary electron
beam with a current of 10—11 amp, en-
ergy of 25 kev, and a small diameter.
The range in carbon of electrons hav-
ing this energy is about 10—3 cm (6),
and x-ray production is negligible. One
can calculate the energy dissipated per
unit volume assuming that the energy
is dissipated uniformly in a hemisphere
with a radius of 10—3 cm (that is, with
a volume of 2 X 10—? cm3); hence
the power dissipated is about 100 watts

cm—3. This represents a dose rate of
107 rad/sec or about 1 percent of the
dose estimated for a specimen in the
standard, transmission, electron micro-
scope (7).

If the beam scans an area of 1
mm? (corresponding to a magnifica-
tion of 100 times), then the power
per cubic centimeter is reduced to

Fig. 1. Scanning electron micrograph of
entire living pupa of Tribolium confusum
(X 15). This picture demonstrates the
very large field of view which can be

- studied with the scanning electron micro-

scope.

Fig. 2. Scanning electron micrograph of
the head of a living adult Tribolium con-
fusum (X 109). One antenna, one eye,
mouth parts, and many other details
are clearly visible owing to the large
depth of field.

Fig. 3. Scanning electron micrograph of
the end of the mandible of a living adult
Tribolium confusum (X 436). The “papil-
lae” are clearly visible; the eye is partly
visible in the background.
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