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Abstract: The purpose of this study was to ex-
amine the timing and magnitude of cerebral
blood flow (CBF) responses to neuronal activa-
tion. We measured the changes in local CBF
(LCBF), red blood cell (RBC) velocity and RBC
concentration by laser-Doppler flowmetry (LDF)
as well as field potential recordings during activa-
tion of the somatosensory cortex of the rat in re-
sponse to electrical stimulation of the hind paw.
Electrical stimuli, 0.1 ms pulses of 1-1.5mA for 5
s, were applied at 0.2, 0.5, 5, 10 and 50 Hz under
a-chloralose anesthesia. LCBF showed the max-

Key words: field potential, functional activation,
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imum increase at 5Hz, and rose approximately
0.5s after the onset of stimulation regardiess of
the frequency. The maximum frequency of the
field potentials was also obtained at 5Hz. During
activation of the somatosensory cortex, the onset
of rise in RBC concentration did not precede that
of RBC velocity, and the peak RBC concentration
was noted earlier than that of both LCBF and
RBC velocity, suggesting that both arteriolar di-
ameter and active changes in the capillary con-
tributed o the LCBF response. [Japanese Jour-
nal of Physiology, 49, 289-296, 19929]

hind paw stimulation, laser-Doppier flowmetry, local

The mechanism of coupling between neuronal acti-
vation and blood flow still remains to be elucidated
despite the fact that numerous investigations were
conducted over the past few decades. We focus, in this
study, on the mechanism of regulation of the early
changes in cerebral blood flow (CBF) following neu-
ronal activation. We examine which vessel {i.e., the
arteriole, capillary or venule) primarily regulates the
changes in local CBF (LCBF). Previous studies sug-
gest that the diameter of the pial arteriole determines
the cortical blood flow during neuronal activation of
the cortex [1]. Recently, Malonek and Grinvald [2]
observed, in the cat visual cortex, that changes in the
total hemoglobin content (corresponding to cerebral
blood volume) preceded those in the oxyhemoglobin

concentration (with resultant increase in CBF). Their
observation suggests that the capillary changes occur
prior to arteriolar dilatation.

The purpose of our current study was to investigate
the regulatory mechanisms of the change in LCBF
evoked by neuronal activation using laser-Doppler
flowmetry (LDF). Cerebral microcirculation is often
monitored by LDF, and a number of laboratories have
used LDF to demonstrate the changes in CBF related
to cerebral activation in response to various stimuli [1,
3—6]. On the other hand, there have been only a few
attempts to observe the hemodynamics of red blood
cell (RBC) velocity and RBC concentration indepen-
dently, although validation of these parameters was
achieved by an in vitro experiment [4]. Because these
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parameters are affected by the high level of noise in in
vivo studies, we accumulated multiple data by re-
peated triggering in order to reduce the noise level.
We then examined the relationship between the
changes in these hemodynamic parameters during
neurcnal activation in response to hind paw electrical
stimulation.

Another objective of this study was to estimate the
relationship between neuronal activity and the
changes in LCBF. Although a relationship between
the stimulus frequency and CBF response has been re-
ported [7, 8], these experiments evaluated the amptli-
tude of neuronal activity using surface electrodes on
the skull. Such evaluation inevitably has limitations
for the accurate estimation of neuronal activity. In
contrast, in this study, we recorded the field potential
of a local area using an electrode inserted into the cor-
tex, and evaluated the relationship between this
recording and LDF parameters.

This is a report of the independent evaluation of the
in vive dynamics of RBC velocity and RBC concen-
tration during sensory stimulation using LDF. Such
data, namely of change in the LCBF during neuronal
activation, are of potential value for a better under-
standing of brain imaging techniques.

MATERIALS AND METHODS

Animal preparation. Male Sprague-Dawley
rats (300-380g) were anesthetized with halothane
(4% induction and 1.5% during surgery) in 30% O,
and 70% N,O. The tail artery was cannulated for
monitoring blood pressure and blood gas sampling,
and the left femoral vein was cannulated for intra-
venous drug administration. Following tracheotomy,
a-chloralose (100mgkg ™', 1.V) was administered, and
halothane and nitrous oxide were discontinued. The
rats were then immobilized with pancuronium bro-
mide (0.7mgkg™", 1L.V)), and mechanically ventilated
with a respirator (SN-480-7, Shinano, Japan) through-
out the experimental period. Anesthesia was main-
tained with o-chloralose (35mgkg 'h™!, 1.v.) and
muscle relaxation with pancuronium bromide (0.8 mg
keg™'h7', 1.v). Body temperature was maintained at
37.520.2°C with the aid of a heating pad (ATC-101,
Unique Medical, Japan). Arterial blood was sampled
from the tail artery for blood gas analysis three times
throughout the experiment; before, during and just
after the measurements. Arterial blood pressure was
monitored during the experiment, and the mean value
(MABP) was calculated from the average of measure-
ments taken at the three aforementioned time points.
The rats were fixed in a stereotactic frame, and the

parietal bone was thinned to translucency at the left
somatosensory cortex, over an area of 3 X3 mm, cen-
tered 2.5 mm caudal and 2.5 mm lateral to the bregma.

LDF measurement. LCBF was measured with
an LDF (Ne-He, wavelength of 780 nm, maximal in-
tensity of 0.8mW; Periflux 4001 Master, Perimed,
Sweden) and an LDF probe with a tip diameter of
0.46 mm (Probe 411, Perimed, Sweden). LDF mea-
sures blood flow based on the Doppler effect with
laser light. The frequency shift of the scattered radia-
tion is caused by RBCs moving in the blood vessels.
The amount by which the frequency is shifted by the
Doppler effect corresponds to the RBC concentration,
and the average shift in frequency is related to RBC
velocity. Our LDF system simultaneously provided
three parameters; flux (=LCBF), RBC velocity and
RBC concentration, where RBC velocity=LCBF/RBC
concentration [9]. The area of LDF measurement has
been reported to be about 1 mm?> [10, 11]. It has been
confirmed that RBC behavior in the capillary is the
main contributor to the LDF signals [4]. A time con-
stant of 0.03 s was used for all LDF signais (LCBF,
RBC velocity and RBC concentration). The LDF
probe was located on the somatosensory area of the
hind paw, perpendicular to the brain surface. It was at-
tached to the thinned skull and then fine-positioned
for maximum signal change during stimulation, avoid-
ing areas with large blood vessels.

Hind paw stimulation. Activation of the cortex
was carried out by electrical stimuiation of the hind
paw with rectangular pulses (0.1 ms) through a pair of
small needle electrodes inserted under the skin of the
right hind paw. Stimulation was carried out for about
1 h after preparation. In all rats, a current stimulus of
1 to 1.5 mA, which elicited a change in LCBF, was
applied at a frequency of 5 Hz for a duration of 5. In
the experiments for the analysis of frequency depen-
dency (study 1), we used 9rats and varied the fre-
quency (0.2, 0.5, 5, 10 and 50Hz) of the electrical
stimuli for 5-s durations at a selected intensity. The
order of the stimulus frequencies was selected ran-
domly; at each stimulus frequency, 20 successive stim-
uli were applied at 80-s intervals. In the experiments
performed for determination of the time-course of
change in RBC wvelocity and RBC concentration
(study 2), we used 14 rats and applied electrical stim-
uli of a selected intensity at 5 Hz for a duration of 5s;
50 successive stimuli were applied at 80-s intervals,
Blank sampling of LDF signals, without electrical
stimulation, was performed after the application of
each set of stimuli. Data acquisition of LDF was syn-
chronized to the respirator cycle.

Electrophysiology. Afier LDF measurements,
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we recorded the field potentials to confirm that the
LDF probe was indeed located at the activation area.
A tungsten microelectrode (12 M{}), for recording the
field potentials, was inserted into the cortex through
the thinned portion of the skull at an angle of 45° rela-
tive to the LDF probe. The tip of the electrode was set
at a depth of about 0.5mm from the surface of the
cortex, just beneath the LDF probe. An Ag—AgCl in-
different electrode was placed between the skull bone
and the scalp. In 6 of the 9 rats in study 1, the field po-
tentials in response to various stimulus frequencies
were also recorded to estimate the correlation between
change in LCBF and neuronal activation,

Data analysis. Data from the successive mea-
surements of the LDF signals, field potentials and ar-
terial blood pressure values were accumulated by
using MacLab data acquisition software {AD Instru-
ments, Australia), digitized at 40Hz, and saved on a
disk for off-line analysis. The LDF data were normal-
ized to the blank. The rise-time of the LDF signal was
determined as the time at the intersection of the base-
line (pre-stimulus level) by the extrapolated line
drawn on the normalized response curve from 90 to
10% of the peak. The termination-time was also deter-
mined as the time of the intersection of the baseline
by a similarly extrapolated line (Fig. 1). The peak-
time was the time at which the response curve reached
the maximum height. The response magnitude was
calculated as an integral of the response curve from
the rise-time to termination-time, and was considered
to reflect the total amount of increase in blood flow.
LDF data which included spontaneous oscillations in
the pre-stimulus period larger than the evoked re-
sponse were excluded from the analysis. In the field
potential analysis, the number of spike-shaped poten-
tials which exceeded the noise level during the stimu-
lus period was counted.

In study 1, parameters {(i.e. rise-time, peak-time,
termination-time and magnitude) among each stimu-
lus frequency were statistically analyzed by ANOVA
(repeated measurements) and multiple comparisons
(Bonferroni). In study 2, significant differences be-
tween the rise-time, peak-time and termination-time
of RBC velocity and RBC concentration were statisti-
cally examined using the Wilcoxon test.

RESULTS

The mean arterial blood pressure (MABP) was 1099
mmHg (mean®SD, »#=23). MABP was stable
throughout the experiment and did not change signifi-
cantly during stimulation (Fig. 2). The blood gas val-
ues were as follows; Pa0,=108%13 mmHg, PaCO,=

CBF |
Peak value ! T
8% ———f—————
| Magnitude
T / Baselln?\levei
AP — N o
Onset of
stimulation
1 g
; o) 7 1
Q’@@&)b =1 '{11}' @f‘/)?/b
] e oy,
Y‘/fb
&
10% of peak 10% of peak
__value £\ —_value _
Risetime Termination-time
A T
"’ Baseline ‘
Fig. 1. Schematic diagram illustrating the calculation

method of the time parameters and response magni-
tude. The rise-time was determined as the time at the inter-
section of the baseline (pre-stimulus level) by the extrapo-
lated line drawn on the normalized response curve from 90
to 10% of the peak, the termination-time was also deter-
mined as the time at the intersection of the baseline by a
similar exirapolated line. The peak-time was the lime at
which the response curve reached the maximum height.
The response magnitude was calculated as an integral of
the response curve from the rise-time to the termination-
time.

34722 5mmHg and pH=7.4320.04 (n=23). These
values were maintained within a stable range by regu-
lating the stroke volume and oxygen concentration of
the inspired gas.

Characteristics of changes in field potentials
in response to stimulus frequency

At frequencies=5Hz, ecach electrical stimulus
evoked a corresponding field potential. At frequen-
cies=10 Hz, the field potentials did not correspond to
the electrical stimulation pulses except for the first
one (Fig. 2 and Table 1), implying that the field poten-
tials recorded in response to current pulses subsequent
to the first pulse were either markedly decreased in
amplitude or entirely absent at stimulus frequen-
cies=10 Hz. On the other hand, the latency of onset of
the first potential after stimulation was consistent for
all stimulus frequencies, and was 10.120.7 ms.

LCBF with change in stimulus frequency

The rise-time, peak-time and termination-time of
the LCBF response curve were measured as a function
of the stimulus frequency (study 1). The rise-time was
nearly constant, at approximately 0.5s, regardless of
the stimulus frequency, between 0.2 and 50 Hz (NS,
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Fig. 2. Time-course of changes in LCBF, cortical acti-
vation and arterial blood pressure responses for vari-
ous frequencies of 5-s stimulation of the hind paw. Each
data set consists of the changes in LCBF (top), field poten-
tials (2nd), arterial blood pressure values (mmig, 3rd) and
the mark of elsctrical pulse (bottom). LCBF change was
normalized to blank stimulation, and averaged by the num-
ber of animals used. Representative field potential and
blood pressure recordings show a sample of the recording
of one animai. Note that the frequency of the field potential
and individual electrical stimulation coincided at stimulus
frequencies=5Hz, but did not fully coincide at those =10
Hz except for the first potential, and that there was no
change in the mean arterial blood pressure during stimula-
tion.

Fig. 3a). The response curve started to decline even
when the field potentials continued to be recorded
(Figs. 2 and 3a; 0.5, 5 and 10 Hz), that is, the peak-
time was noted before the cessation of neuronal activ-
ity. The peak-time, termination-time and magnitude
increased with the stimulus frequency in the range of
0.2-5 Hz, although the values of all three parameters
decreased at frequencies=10 Hz (Figs. 2 and 3).

In most rats, spontaneous oscillations were ob-

Table 1. Frequency of
stimulus frequencies.

field potentials for various

Stimulus frequency Mean number of

(Hz) field potentials detected
0.2 1.0x0.0
0.5 3.0x00
5 20.0x4.8
10 8.8+10.4
50 : 1.0=0.0
Mean=SD (n=8).

served, but could be averaged out by accumulation at
20 data points at stimulus frequencies of 0.5, 5 and 10
Hz. However, the majority of these oscillations still
remained after the stimulation period at stimulus fre-
quencies of 0.2 and 50 Hz (Fig. 2) (i.c., the shortest
neuronal activity).

Time-course of change in RBC velocity and
RBC concentration

An important objective of this study was to investi-
gate the time-course of changes in RBC velocity and
RBC concentration independently (study 2). We mea-
sured the time-courses of changes for these parame-
ters during the application of electrical pulses of 5 s in
duration at 5 Hz, because the response curves of RBC
velocity and RBC concentration showed poor signal-
to-noise ratio at all except this frequency.

There were no significant differences in rise-time
and termination-time among LCBF, RBC velocity and
RBC concentration (Fig. 4). On the other hand, the
peak-time of RBC concentration occurred earlier than
those of RBC velocity and LCBF (p<<0.05, Fig, 4).
The peak-times of LCBF, RBC wvelocity and RBC
concentration were 3.2+0.3, 3.520.5 and 3.0+0.3s,
respectively (r=14),

DISCUSSION

We have studied the relationship between the field po-
tential recorded and changes in LCBF in response to
electrical stimulation of the rat hind paw. Changes in
LCBF were detected by LDF, and the time-courses of
RBC velocity and RBC concentration were evaluated
independently. We showed that even a single pulse of
electrical stimulation of the hind paw evoked an in-
crease in LCBE.

Attributes of LDF. Before discussing the physi-
ological interpretation of our data, we must know the
attributes of LDF. LDF reflects only RBC behavior,
and LCBF is calculated as a product of RBC concen-
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tration and RBC velocity. True LCBF is a function of
both RBC flow and plasma flow. It is known that
10-20% of the capillaries are perfused only by plasma
[12], which does not contribute to LDF signals.
Therefore, our data may not represent true LCBF if
the hematocrit were to vary. In the microvasculature,
RBCs flow at the center of the vessel at a speed
greater than the plasma velocity (Fahraeus effect
[13]), which results in a reduced microvascular hemat-
ocrit. In the capillary bed, on the contrary, hematocrit
is known to increase slightly by the pathway effect
[14]. It is also known that, at microvascular bifurca-
tions, RBC streams into a vessel of which the flow ve-
locity is faster (network Fahracus effect [13, 14]).
These phenomena are probably influenced by the arte-
riole and/or capillary changes during cortical activa-
tion. However, it was found that the local hematocrit
did not change [15], or decreased only slightly with an
increase in LCBF [16]. Moreover, Dirnagl er al.
demonstrated that relative CBF measured by LDF cor-
related well with that measured by ['*C] iodoan-
tipyrine autoradiography [17], suggesting that relative
LCBF as detected by LDF reflects the true LCBE.
Relationship between neuronal activation
and increase in LCBF. The intensity of cortical
activation is evaluated by the amplitude of the evoked
potential using a surface electrode. In the cat so-
matosensory cortex, the maximum hyperemia and
maximum amplitude of the evoked potential were
both obtained for stimulation at 2-3 Hz {&]. On the
other hand, Ibanez et al. [7] reported that regional
CBF showed a maximum increase following median
nerve stimulation at 4 Hz, despite a relative reduction
in the amplitude of the somatosensory evoked poten-
tial. Such surface-evoked potentials are difficult to
evaluate from the electrophysiological point of view
because of the summation of both temporal and spa-
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50 Hz being considered as 1.0. Note that LCBF
rose about 0.5 s after the onset of stimulation re-
gardless of the stimulus freauency (NS), and that
LCBF response showed maximal increase at the
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are *+1 standard deviation.

10 50

g'215¢ ~—— LCBF

@ 1{n=14) - RBC velocity

51 - e RBC concentration
£

3. o

§1 0 ) TG e

S -

.
A
o
-
o))
[\
o

Tin?e (s)

Fig. 4. Time-course of change in LCBF (solid line),
RBC velocity (rough dotted line) and RBC concentration
{close dotted line) in response to 5-s stimulations at a
frequency of 5Hz to the hind paw. Data of the change in
LCBF, RBC velocity and RBC concentration were averaged
by the number of animals used. Hatched lings indicate
stimulus period. Note that RBC concentraticn peaked be-
fore RBC velocity and LCBF (p<{.05), and that there was
no significant time lag beiween the rise-times of RBC veloc-
ity and RBC concentration.

tial electrical activities in a large area. The changes in
amplitude reflect a sum of the excitatory and in-
hibitory activities. Therefore, the amplitudes of sur-
face-evoked potentials do not directly reflect the in-
tensity of cortical activation.

In this study, field potential was measured through
an electrode inserted into the cortex. The frequencies
of the field potentials and individual electrical pulses
coincided for stimulation at frequencies=5Hz, but
not for that at frequencies=10Hz in most rats (Fig.
2). This implies that the number of field potentials
recorded in response to stimulation at frequencies=10
Hz was much smaller than that recorded at a stimulus
frequency of 5 Hz, or that the field potentials recorded
after the second pulses were markedly decreased in
amplitude at stimulus frequencies=10Hz (Fig. 2,
Table 1). It is unlikely that cortical neurons have a re-
action limit for stimulation at =10 Hz because indi-
vidual somatosensory neurons in the rat and cat cortex
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react to stimuli=]0Hz [18, 19]. While it is possible
that such reductions in somatosensory neuronal acti-
vation are due to cither inhibitory mechanisms, habit-
uation of the peripheral nerve of the hind paw, or limi-
tations of transmission of the sensory input, we con-
sidered that it was most likely to be due to inhibitory
mechanisms [7]. Indeed, intracortical inhibition was
confirmed as a frequency-dependent response above
20 Hz [18], suggesting that inhibitory neurons in the
cortex are activated at higher frequencics. These ob-
servations suggest that maximum cortical activation
by stimulation of the somatosensory arca of the hind
paw occurred at a stimulus frequency of SHz in our
study.

LCBF also showed the maximum increase at a
stimulus frequency of 5 Hz (p<20.01). At stimulus fre-
quencies=10 Hz, the increase in LCBF was attenu-
ated with increasing stimulus frequency (Figs. 2 and
3b). The relationship between stimulus frequency and
increase in LCBF was previously investigated in the
rat somatosensory cortex. Ngai and colleagues
demonstrated that the change in diameter of the pial
arteriole was maximal in response to sciatic nerve
stimulation at 5 Hz [20], and the LCBF showed a sim-
ilar response profile with pial arteriole change [1]. In
the rat whisker barre] cortex, the peak amplitude of
blood flow evoked with stimulation at a frequency of
3 Hz was significantly greater than that at other fre-
quencies [21]. These results suggest that the LCBF in
the somatosensory area is maximal when the periph-
eral nerves are stimulated at a frequency of approxi-
mately 5 Hz.

The oxygen supply to the tissue may be increased
during cortical activation. This phenomenon is evident
from the results of optical imaging; that is, an increase
in deoxyhemoglobin concentration occurs at the early
period of cortical activation [2]. In the present study,
we showed that LCBF increased in a similar manner
to the intensity of cortical activation, indicating the
coupling between cortical activation and increase in
LCBE On the other hand, Fox and Raichie found a
quantitative uncoupling of LCBF and oxidative me-
tabolism [22]. These suggest that the increase in
LCBF depends on cortical activation, but oxygen con-
sumption is independent from cortical activation,
However, the elucidation of this odd phenomena (i.e.,
the uncoupling between an increase in LCBF and oxy-
gen consumption) needs further investigation, such as
the simultaneous measurement of LCBF and direct
tissue PO, with high temporal resolution during corti-
cal activation.

Although spontaneous oscillations could be aver-
aged out by the accumulation of data at stimulus fre-

quencies of 0.5, 5 and 10 Hz, a considerable propor-
tion still remained at those of 0.2 and 50 Hz (Fig. 2).
Morita ef al. [23] reported that pronounced vasodi-
latation led to the total abolition of vasomotion. This
suggests the possibility that spontaneous oscillations
are decreased by large increases in LCBF. On the
other hand, Golanov et al. [24] proposed a neurogenic
origin for at least one kind of low-frequency oscilla-
tion in the cortex. Our results suggested that sponta-
neous oscillations were synchronous with stimulation
when the strength of cortical activation was small.
This was supported by the relatively lower amplitude
of the accumulation curve during the pre-stimulus pe-
riod as compared to that following stimulation. These
findings confirm that neural activity is probably re-
lated to the oscillations, but the source of these oscil-
lations still remains controversial [25].

Rise-time of change in LCBF. In order to dis-
cuss the time-course of change in LCBF, it is neces-
sary to confirm that the LDF probe was located at the
cortical activation area of the somatosensory cortex
for the hind paw. The rise-time of LCBF may be influ-
enced by the location of the LDF probe. In all of the
rats in our experiments, the microclectrode was in-
serted into the cortex at the same location as the LDF
probe, and the field potentials were recorded. The
mean latency of the field potentials was 10.1 0.7 ms.
This agreed with the latency reported in other litera-
ture [26]. This indicates that the LDF probe was lo-
cated at the activation area of the somatosensory cor-
tex of the hind paw.

The LCBF response, for all of the stimulation fre-
quencies examined, rose rapidly about 0.5s after the
onset of stimulation (Fig. 3a). Several investigators
have reported a much later rise-time of the LCBF re-
sponse to somatosensory stimulation. Schmitz ez al.
described that the CBF typically increased within 23
s after the onset of forepaw stimulation [6]. A similar
time-course for the increase in CBF following cortical
stimulation has been observed using modified hydro-
gen clearance [8)]. However, the accuracy of these re-
sults was limited either by low signal-to-noise (S/N)
ratio or poor time resolution. We improved the S/N ra-
tios by accumulating 20 to 50 events of repeated trials
and time resolution by using a small time constant
(0.03 s) in LDF. Therefore, the rise-time of LCBF of
0.5 s was considered to be more reliable compared to
previous reports [6, §].

The physiological interpretation of this 0.5s re-
sponse, with respect to capillary and arteriole func-
tions, is still open to debate. The mechanisms of cou-
pling between neuronal activation and LCBF are still
under investigation. Several possible mechanisms
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have been proposed [27, 28]; for example, reaction
caused by metabolic by-products, regulation by cations
or chemical substrates [3, 6, 29-31], and neurogenic
regulation [32]. In addition, a direct reaction on the
capillary has been proposed [12, 27, 33, 34]. Since
our method only provides information based on RBC
motion within the capillary, further investigations are
required for elucidation of the regulatory mechanisms.

Possible microcirculatory regulation. In
this study, we demonstrated the independent dynamics
of RBC velocity and RBC concentration using LDF.
The increase in RBC velocity at the capillary level is
supposed as being induced by an increase in translu-
minal pressure due to a decrease in resistance of the
upstream arteriole. On the other hand, the increase in
RBC concentration within the capillary suggests a di-
rect ¢change in the capillary {i.¢., physiclogical recruit-
ment [35] or capillary dilatation [12, 33]).

Some possible mechanisms of LCBF regulation are
proposed. The first is that active capillary changes
accur ¢arlier than those in the arteriole [2, 36]. If this
were the case, the RBC concentration would increase
earlier than the RBC velocity. Actually, there is a re-
port that the capillaries contract under hyperoxia and
dilate under hypoxia [34]. In addition, the caliber of
the capillary, previously considered to be unchange-
able [37], was reported to be altered by carbon dioxide
{12, 33]. The second possibility is that the changes in
LCBF are primarily controlled only by resistance ves-
sels (i.e., arteriole [38, 39], and passive capillary
changes may also be involved. If this were the case,
the RBC velocity in the capillary bed would change
earlier than the RBC concentration. However, we
found no significant time differences between the rise-
times of RBC velocity and RBC concentration during
somatosensory stimulation, and also found that both
RBC velocity and RBC concentration contributed
equally to the observed changes in LCBF (Fig. 4).
Therefore, we propose a third possibility that both
capillary and arteriole changes occur simultaneously
and contribute equally to the initial increase in LCBFE

We showed that the RBC concentration peaked be-
fore LCBF and RBC velocity (p<<0.05) (Fig. 4). This
earlier peaking of RBC concentration suggests the oc-
currence of active capillary changes because, if only
arteriole changes were involved in LCBF regulation,
the changes in RBC concentration would follow those
of RBC velocity and LCBFE. In summary, it is possible
that the capillary and arteriole are controlied by inde-
pendent mechanisms, and that LCBF is regulated by
both capillary and arteriole changes, although arterio-
lar dilatation, physiological recruitment and capillary
dilatation would have to interact in a highly complex

manner to regulate LCBE.
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