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Techniques for the observation and measurement of red blood cell velocity
in vessels of the guinea pig cochlea
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Fluorescence techniques combined with intravital microscopy provide a powerful approach to the study of cochlear blood
microcirculation. In the current study, fluorescein isothiocyanate conjugated to high molecular weight dextrans was added to plasma
to enhance the visual contrast of flowing blood in microscopic images from the guinea pig cochlea. Photometric signals, obtained
from video pictures of the blood vessels, provided a means to continuously measure red cell velocity by using crosscorrelation
algorithms to extract the time delay for moving features of the image. Alternatively, a small amount of fluorescently-labeled red
blood cells (RBCs) were added to the vascular volume to serve as natural indicators of whole blood flow. The speed of these cells was
measured by video photometric detection of the time required for the cells to pass between two predetermined positions in the
television image. RBCs can be made fluorescent by chemical bonding of a fluorochrome to the cell membrane or by internal loading
of the cell with an inert fluorochrome. Labeled RBCs provide a means to determine blood velocity in capillaries having extremely
poor optical contrast, a situation which is generally the case for relatively thick tissues such as the lateral wall of the membranous

labyrinth.
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Introduction

Measurement of blood flow in the cochlea has
been the goal of a number of studies over at least
a quarter of a century. Interest in this subject is
motivated by known high metabolic demand of
cochlear tissues such as the stria vascularis (Chou
and Rodgers, 1962; Thalmann et al., 1972) and
the potential role that ischemia may have in
cochlear injury following noxious insults such as
sound (Misrahy et al.,, 1958; Hawkins, 1971) or
ototoxic drugs (Lawrence, 1970). It is also possible
that vascular changes may be part of the etiology
of Sudden Deafness Syndrome (e.g. Plasse et al.,
1980; Millen et al., 1982).

Many techniques have been developed to mea-
sure cochlear blood flow and the physiological
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processes relating to the blood supply. Each has a
set of strengths and weaknesses, and none pro-
vides a complete knowledge of the relevant
parameters of inner ear circulation. Currently three
methods dominate the study of cochlear microcir-
culation: (1) total cochlear blood flow measure-
ments using labeled or unlabeled microspheres
(e.g. Angelborg et al., 1977; Hultcrantz, 1979;
Prazma et al., 1984); (2) laser Doppler flowmetry
(e.g. Miller et al., 1983; Goodwin et al., 1984); and
(3) microelectrode oxygen tension determinations
(e.g- Misrahy et al., 1958; Maass et al., 1976;
Nuttall et al., 1981). Microsphere techniques pro-
vide an absolute measure of blood flow in m}/min
per cochlea. However, for technical reasons, the
study of flow dynamics is not practical and the
achievement of high accuracy is difficult. Laser
Doppler flowmetry is a valuable new method
which gives excellent information on blood flux
dynamics. For the cochlea, however, the technique
provides only information on relative changes in
blood flux because of uncertainty about the par-
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ticular tissue volume which is being measured.
Oxygen microelectrodes provide good dynamic
performance and a very localized measurement,
but one which is only indirectly related to blood
flow because both oxygen utilization and supply
are simultaneous components of the measurement.
One of the oldest methods used to study
cochlear microcirculation is the direct visualiza-
tion of the flowing blood in the vessels of the
inner ear (Weille et al., 1954; Seymour, 1954;
Perlman and Kimura, 1955). The advantages of
the method are (1) the ability to measure the flow
velocity of cells (which can lead to determinations
of whole blood flow in a vessel or network of
vessels if the microhematocrit is also measured;
(2) the ability to study the dynamics of microcir-
culatory changes; (3) the ability to define the
exact location of the measurement even to the
specific vessel in a capillary bed; and (4) the
possibility to observe and discover the morpho-
logical and physiological basis of a flow change.
The principal disadvantage is possibility of surgi-
cal damage during the opening of the cochlea.
The unique capabilities of direct microscopy
for the study of cochlear blood flow depend on
the implementation of practical quantitative meth-
ods for this purpose. Quantitative determinations
of cochlear blood cell velocity were first achieved
by Perlman and Kimura (1955) by use of tedious
and expensive cinematographic methods. That is,
blood cell movement was tracked frame to frame
in a motion picture film of the flow (see also
Lawrence and Clapper, 1972). Costa and Brane-
mark (1970) later adapted closed circuit television
techniques to the study of cochlear microcircula-
tion, opening the possibility of video based meth-
ods which are the substance of this report.
Microcirculation physiologists in other organ
systems have developed various techniques of
quantitative microscopy allowing systemic investi-
gations into basic questions of circulation control,
capillary permeability, oxygen delivery, and rheol-
ogy. In order to accomplish many of these studies,
it is necessary to measure red blood cell velocity.
Thus, from studies of microcirculation in non-
auditory tissues, one can derive a set of techniques
and procedures which are suitable for study of
cochlear circulation. This report provides the de-
tails of methods used recently to measure red

blood cell velocity in the guinea pig cochlea (Nut-
tall, 1986a,b.c, 1987).

Experimental and Discussion

Measurements of the velocity of red blood cells
in the cochlea can be made from a number of
different locations in the cochlea and from a num-
ber of different blood vessel types at each loca-
tion. The success in accomplishing the measure-
ment is dependent on the correct choice of animal
model, the proper surgical preparation of the
animal and cochlea (for normal physiology) and
the application of appropriate measurement in-
strumentation.

Surgical preparation

Guinea pigs have generally been the animal of
choice for microcirculation experiments. This is
motivated by the accessibility of the cochlea, its
well-known physiology, and the adequate vascular
volume of the guinea pig which permits practical
manipulations of blood volume, administration of
intravenous fluids and sampling of blood for gas
analysis. The lack of a stapedial artery, which
crosses the basal turn in some rodents, may also
be important.

Pigmented guinea pigs are probably the choice
of contemporary work on the auditory system
(Bock and Steel, 1984). This may be particularly
true of vascular studies as the melanocytes have a
compilex role in the function of the stria vascularis
(Meyer zum Gottesberge-Orsulakova, 1986). Pig-
mentation of the lateral wall could degrade image
quality in microscopic images of vessels but this
problem is partly overcome for RBC velocity de-
terminations where a complete view of a vessel is
not needed and fluorescent methods (described
below) reduce the effect of absorption and scatter-
ing of light by pigmentation.

Guinea pigs are anesthetized by administration
of diazepam (5.0 mg/kg body wt i.p.) followed
about 15 min later by fentanyl (0.32 mg/kg body
wt i.m.). This anesthesia protocol has proven very
reliable for maintaining systemic blood pressure
(Brown et al., 1987).

The animals are wrapped in a heating pad
which is thermoregulated to control the rectally
measured temperature at 38.5°C. Heart rate is
monitored. The ipsilateral common carotid is can-



nulated to monitor blood pressure. The con-
tralateral external jugular vein is cannulated for
intravenous injections. A conventional ventro-
lateral surgical dissection is carried out exposing
the auditory bulla which is then opened over its
ventral surface. The tympanic membrane and os-
sicles can be left intact (depending on experimen-
tal goals) as the working distance of the micro-
scope objective is greater than 10 mm.

The head is securely fastened into a manipula-
tor which is heated in order to prevent conductive
cooling of the head. A thermocouple is placed in
contact with the bony wall of the cochlea and
temperature of the cochlea is continuously moni-
tored and controlled by a heat lamp near the head.

The local concentration of oxygen and carbon
dioxide near the cochlea is controlled by blowing
an appropriate gas mixture into the bulla. Oxygen
concentration of the gas in the bulla is reduced
from normal atmospheric levels to between 2%
and 8% and carbon dioxide concentration is raised
to between 4% and 5%. This is done to avoid
alteration of tissue gas concentrations once the
cochlear wall is opened. Svensjo et al. (1977) have
shown that local gas concentration can influence
blood flow in the hamster cheek pouch. O, and
CO, concentrations are monitored using a capillary
sampling tube positioned near the cochlea which
draws gas from the open bulla (by suction pump)
at 40 ml/min and delivers it to oxygen and carbon
dioxide gas analyzers. Gas (95% N,, 5% CO,) is
blown (approximately 400 ml/min) towards the
open bulla from a 1/4 inch (ID) tube placed
within 1 cm of the bulla and directed toward it.
The gas is humidified and heated before it is
delivered to the bulla.

Two successful ways of opening the cochlea are
either by scraping the otic capsule until the thinned
spot cracks and the bone chips can be removed
with small wire hooks or by creating a window
opening over the spiral ligament and stria vascul-
aris after scoring a rectangle of scratch marks into
the bone. The latter is preferrable because of its
convenience. Fig. 1 shows a schematic drawing of
the cochlea and the position of an opening over
the third turn membranous labyrinth.

Intravital microscopy
The microscope used in these studies was as-
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Fig. 1. An illustration of the guinea pig cochlea showing the
approximate size and location of a window opening over the
membranous labyrinth of the third turn. The inset schemati-
cally shows the patterns of spiral ligament vessels overlying
deeper stria vascularis vessels.

sembled from components produced by several
manufacturers. The main components are a Leitz
vertical illuminator unit and a Leitz trinocular
head. The vertical illuminator allows fluorescence
microscopy and it is of the infinity-corrected type.
Infinity-corrected optics permit the straight-for-
ward implementation of telescopic microscopy
principles (Wayland and Frasher, 1973; Slaaf et
al., 1982; Nuttall, 1986b). Fig. 2 illustrates the
construction of the microscope which uses Olym-
pus long-working-distance infinity-corrected lenses
(ULWD).

The microscope components are carried on a
sturdy framework permitting convenient place-
ment of the animal preparation, manipulation of
the microscope position in the x-y plane, and easy
interchange of the compound microscope for a
dissection microscope in order to view and attend
to the specimen preparation at low magnification.
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Fig. 2. Schematic drawing of the intravital microscope used for
cochlear microcirculation studies. Epifluorescence microscopy
is achieved by using a vertical illumination system. An
infinity-corrected long-working-distance microscope objective
is used with a transfer lens in an implementation of telescopic
microscopy principles. This permits the free mechanical dis-
tance to be conveniently changed without affecting the image
focus of magnification at the video camera.

Most experiments on blood cell velocity are
accomplished using an Olympus 20 X ULWD
objective having a working distance of 11 mm.
Parallel light rays from the back aperture of the
lens are intercepted by a 63 mm diameter (focal
length 400 mm) acromat doublet (Melles Griot
LAO 333) which acts as a transfer lens and focuses
the image on the sensor of a silicon intensified
target (SIT) video camera (Dage MTI model 66).
An advantage of telescopic microscopy is the abil-
ity to vary the free mechanical distance (between
the objective and the transfer lens) without alter-
ing the magnification or focus at the image plane.
An additional advantage is that the bulk and
weight of the camera or recording systems are
physically removed from the microscope head near
the animal preparation. In the current implemen-

tation of the method, the free mechanical distance
is approximately 25 cm.

Light is supplied to the vertical illuminator
from a 75 watt Zenon source through a 5 foot
long, 3 mm diameter, liquid light-guide. For fluo-
rescence, the filter set consists of an excitation
filter (band pass 450-490 nm), a dichroic mirror
(reflection short pass 510 nm), and a suppression
filter (long pass 510 nm). This is the fluorescence
filter set of a typical fluorescence microscope con-
figured for fluorescein isothiocyanate (FITC). Re-
sulting fluorescence from fluorescein labeled dex-
tran or red blood cells is readily visible to the eye
but it cannot be imaged by a conventional vidicon
or newvicon video camera. One stage of image
intensification is sufficient to bring the signal to
useful levels without excessive noise. The SIT video
camera is a compromise choice of sensitivity,
resistance to blooming and lag, resolution, stabil-
ity, and cost.

Fluorescent labeling

Fluorescence techniques are an important part
of these procedures for measuring red cell velocity
in the cochlea because they improve the visual
contrast of relevant structures in the images from
the living inner ear. Biological tissues in their
living state generally have very low contrast under
bright-field microscopic conditions. Contrast en-
hancement procedures for unstained tissue are
often based on polarized transmitted light tech-
niques which are not feasible for the intact cochlea.
Fluorescent structures in a tissue act as self-
luminous objects greatly improving contrast.

FITC-dextran labeling of plasma FITC con-
jugated to dextrans of various molecular weights
have often been used to study the permeability of
microvessels (e.g. Olsson et al., 1975). In the cur-
rent red cell velocity determinations, the substance
acts as a contrast medium for blood. FITC-dex-
tran (Sigma) is administered intravenously to the
guinea pig at a dose of 50 mg,/ml of physiological
saline infused slowly over a 15 min period. The
molecular weight of the dextran has a mean value
of 150 kDa and this size molecule does not leak
significantly from the vasculature (Olssen et al.,
1975). Administered slowly, it also does not create
an oncotic imbalance in plasma and total volume



Fig. 3. A photograph of the face of a video monitor showing
blood vessels in the lateral wall of the guinea pig cochlear third
turn. The vessels are made fluorescent by a constant medium
(FITC-dextran) which has been intravenously administered.
The numbers in the upper left hand corner are arbitrarily
generated time and frame count values. The small white squares
in the center right of the figure are photometric analysis
windows. Four separate video frames of moving blood were
averaged to obtain this image.

administered is less than 2% to 3% of the vascular
volume for a 400 g guinea pig.

Fig. 3 is a photograph taken of the face of the
television monitor showing capillaries of the guinea
pig cochlear third turn lateral wall. The lumina of
these vessels are made visible by the fluorescence
of FITC-dextran mixed with plasma. Four ran-
dom video frames (from a 1 s long frame se-
quence) were averaged to smooth the image of the
vessel walls.

Fluorescent labeling of red blood cells RBCs may
be labeled by fluorescent dyes in order to improve
visual contrast. They then can serve as naturally
flowing indicators giving information on the
instantaneous and mean velocity of the total RBC
population or other parameters of the microcircu-
lation. (Note that if all flowing RBCs are labeled,
one would achieve the effective inverse of the
situation in the section immediately above where
fluorescent light eminates from plasma and RBCs
extinguish the fluorescence in a vessel lumen.) It is
generally advantageous to use only a small num-
ber of labeled cells. However, this increases the
time required to determine the population mean
velocity. Some of the factors which influence the
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choice of labeled fraction level are discussed in the
next section. In order to label the cells, two proce-
dures have been used: (1) chemical bonding of a
fluorochrome to the exterior surface of the
erythrocyte membrane and (2) internal loading of
an indicator dye inside the erythrocyte.

For either procedure, first approximately 2 cc
of whole blood is obtained by heart puncture into
a syringe containing EDTA (44 mg/ml) from a
guinea pig weight-matched to the experimental
animal.

For external labeling, a modification of the
method of Tangelder (Pers. Commun.) is used.
Erythrocytes are separated and washed three times
in isotonic saline or phosphate buffered saline. To
the washed, packed cells are added 310 mM dex-
trose in saline, 280 mOsm NaH,PO, and FITC in
230 mOsm Na,HPO, (pH 9.0). Afther thorough
mixing, additional 230 mOsm Na,HPO, is added
and pH adjusted to 7.9-8.0 with 1 N NaOH if
necessary. The suspension is incubated at room
temperature for about 2 h, then the labeled cells
are washed at least 3—4 times in saline to remove
excess dye. Washed, packed cells are suspended in
saline for a final hematocrit of about 60%.

Fluorescent dye can also be entrapped inside
RBCs by resealing the cell ghosts produced by a
modification of a pre-swell loading procedure
(Rechsteiner, 1975; Tsang et al., 1985). Washed,
packed erythrocytes are suspended in fourfold
their volume of dilute phosphate buffered saline
with 5 mM dextrose, 5 mM inosine, 4 mM MgSO,
(160 mOsm, pH 7.4) for 5 min, centrifuged and
the swelling operation repeated. Lysis is induced
by adding to the packed cells 3 /4 their volume of
8 mg/ml FITC-BSA (Sigma) or 1 mg/ml calcein
(Sigma) in 100 mOsm phosphate buffered saline.
After a 2-5 min equilibration period, cell mem-
branes are resealed by addition of sufficient 1.54
M NaC(l to restore isotonicity. The suspension is
incubated at 40 °C for about 60 min and resealed
cells are washed 4-5 times in phosphate buffered
saline. Final hematocrit is adjusted to about 60%.
Calcein is a brightly fluorescent indicator for Ca?*
(Wallach et al., 1959) concentration and com-
monly used for fluorometric determinations
(Kepner and Hercules, 1963). Here it acts only to
label the cytoplasm of RBCs (see Conner and
Huang, 1985, for a similar application), and it has
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Fig. 4. A photograph of the face of a video monitor showing a
network of third turn cochlear vessels. The lumina of these
vessels are slightly fluorescent from FITC-dextran and a small
number of fluorescent RBCs are located at various positions in
the network. For example, one labeled RBC is located between
the two white rectangular boxes whrch are the analysis windows
of the photometric analyzer.

previously been used for this purpose (Ihler, Pers.
Commun.).

Fig. 4 is a photograph of the face of the televi-
sion monitor showing individually labeled RBCs
distributed in a network of capillaries of the guinea
pig third turn lateral wall. The noisy character of
this photo is caused by the high video intensifier
gain needed to visualize the faint fluorescence of
the lumina of capillaries (because of the low con-
centration of FITC-dextran).

Measuring red blood cell velocity

Speed measurement A number of techniques have
been devised to quantify RBC velocity in video
images of flowing blood. One of the earliest was
the flying spot method (see Tyml and Ellis, 1982,
for a recent application) which was used by Costa
and Branemark (1970) for their study of cochlear
blood flow. The flying spot in modern usage is
generally an electrically generated spot of light
superimposed on the video image which moves at
user setable speeds along a straight line. The speed
of the spot is matched to the movement speed of
the blood by the observer. An important disad-
vantage of the method is the need for operator
judgment about the matching of speed. An alter-
native approach to measure red cell speed was

taken in the current work making use of commer-
cially available hardware to selectively extract in-
formation from video images. The video photo-
metric analyzer [Instruments for Physiology and
Medicine (IPM) model 204] is one such instru-
ment which derives two continuous analog signals
proportional to the average video intensity level in
two areas (windows) of the image (“dual slit pho-
tometry”). The physical area of the windows and
their location are user setable.

The two analog signals may then be processed
by any number of techniques to derive the time
required for a feature to pass between the two
window locations in the image. Determining the
effective distance between the windows (projected
into the object plane) allows calculation of veloc-
ity. This electronic timing of the passage of RBCs
was used by Nuttall (1987) to measure velocity in
vessels of the guinea pig lateral wall.

The advantages of measurements from a single
RBC are many. Sarelius and Duling (1982) discuss
methods which derive microhematocrit and capil-
lary bed transit time. The exact choice of labeled
fraction volume depends on the purpose of the
experiment, the size of the blood vessels, and
velocity of RBCs within the vessel (Sweeney and
Sarelius, 1985).

For unambiguous determination of velocity
using the video photometric analyzer, it is re-
quisite that only one cell appear between the
analysis windows at a time. If more than one cell
were between the windows, crosscorrelation tech-
nigues could be used.

Time delay determined by crosscorrelation From
one of the first successful applications of “dual
slit” photometry (Wayland and Johnson, 1967)
several improvements evolved for automatic on-
line velocity tracking (e.g. Intaglietta et al., 1970;
Intaglietta and Tompkins, 1972a; Tompkins et al.,
1974; Slaaf et al., 1981). One branch of this devel-
opment was the implementation of crosscorrela-
tion to video signals (Intaglietta and Tompkins,
1972b) and commercial instrumentation became
available for this purpose (IPM velocity tracking
correlator, model 102).

Among the advantages of the video based
methodology are (1) the ease with which various
portions of the image may be analyzed by elec-



tronic positioning of analysis windows in the
image; and (2) the pattern of blood flow may be
video taped for off-line analysis allowing a par-
ticular time sequence of flow velocity to be re-
peatedly played back for sequential analysis of
many blood vessels. The method is limited how-
ever by frequency considerations of the television
system, most particularly the frame rate of 60 Hz.
In practice, this limits determinations of red cell
velocity to between 0.1 and 1.0 mm/s.

Fig. 5 shows a block diagram of the velocity
measurement system, consisting of a video tape
recorder (Sony 5200 U-matic) which records the
signal from the SIT camera after insertion of time
and frame count information into the picture (IPM
model 710 video time code generator). This allows
a unique identification of each frame. The video
signal is passed to a video dual-photometric
analyzer (IPM model 204) from which two analog
signals are derived representing the average inten-
sity of the video picture within analysis windows
(of user defined size). The signals are given to an
analog crosscorrelator (IPM model 102) which
computes and displays a 64 point crosscorrelation
function and determines the velocity (time delay)
to maximum correlation according to the method
of Tompkins et al. (1974). Computed velocity can
be recorded on a strip chart recorder.

The use of automatic (continuous) velocity
measurement in the cochlea is greatly enhanced by
the fluorescence techniques described -earlier.
Ordinarily velocity measurements are achieved

Time Code/ Video
Camera Fram t Recorder
Generator
Velocity Photometric .
Recorder Correlator| Analyzer o
Window
Position
Controlier

Fig. 5. Block diagram of the video system for analysis of red
cell velocity.
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only from relatively high quality (i.e. high con-
trast) microscopic images of blood flow. These are
generally obtained from thin tissues with transmit-
ted light conditions. Images of cochlear circulation
are from comparatively thick tissue which cannot
be properly transilluminated. Fluorescence of
plasma or red cells improves the contrast of the
relevant structures (flowing blood) thereby impro-
ving the signal-to-noise ratio of the image.

The decision to use FITC-dextran to label
plasma or label RBCs is a compromise of several
factors. When labeled plasma is used, all informa-
tion contained in the video intensity structure of
the flowing column of blood is available to the
correlation. In theory this enhances the correlation
and allows more accuracy for determination of
charges in velocity. For example, averaging time
constants of the correlation can be well below 5 s,
allowing observation of vasomotion related veloc-
ity changes which typically have peak power spec-
tra around 0.16 Hz (Meyer and Intaglietta, 1986).
In practice, the lag characteristic (residual image)
of image intensified cameras adds to diminished
contrast in microscopic views of capillaries in
thick tissues and the generally low velocity of
blood capillaries of the lateral wall (Nuttall, 1987)
are often below the operating range of the instru-
ment.

The use of labeled RBCs also improves image
contrast and crosscorrelation may also be used to
extract time delay information. In order to accom-
plish this, the volume fraction of labeled cells
must be greater than that discussed above for
tracking the speed of individual cells. Here the
objective is to provide enough continuous signal
so that the averaging time of the correlation is
reasonably short (under 1 min). More than 1 cc of
labeled blood (given i.v.) may be required for this
and care must be exercised not to influence the
total blood hematocrit leading to viscosity related
blood flow changes in the cochlea (Hultcrantz and
Nuttall, 1986).
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