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Rapid changes in extracellular glucose levels and blood flow
in the striatum of the freely moving rat
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The dynamics of regional cerebral blood flow and brain extracellular glucose were studied in the freely moving rat. These two variables were
measured in the striatum during and following both mild tail pinch and restraint stress. Blood flow was monitored using a refinement of the
hydrogen clearance technique that allowed repeated measurements at 5-min intervals. A slow stream of hydrogen was directed at the rat’s snout
for 10-20 s through lightweight tubing attached to the animal’s head and detected at a chronically implanted platinum electrode. Extracellular
glucose was monitored with microdialysis in a separate group of animals using an on-line, enzyme-based assay that provided 2.5-min time
resolution. Mean striatal blood flow 24 h following implantation was 89.9+2.5 ml-(100 g) ™' min~!. A 5-min tail pinch caused flow to increase
immediately to 169.5 +20 ml-(100 g) ' min~"'. In contrast, there was no change in blood flow during restraint stress, although there was a small
increase following the end of the stress. Significant increases in blood flow were also observed in the striatum during periods of eating and
grooming. Extracellular glucose levels increased following both forms of stress, to a maximum of 170+ 22% of baseline with restraint compared
to 110+ 2% with tail pinch. In both cases, the increase occurred after the stress had ended and persisted while blood flow returned to basal

levels.

INTRODUCTION

Positron emission tomography (PET) studies in hu-
mans have suggested that a tight coupling exists be-
tween local energy metabolism and regional cerebral
blood flow (rCBF)?'?2, Autoradiographic studies in
animals also suggest a correlation between regional
glucose utilisation and rCBF %%,

Brain extracellular glucose represents a balance be-
tween supply from the blood and cellular utilisation
and these two processes were thought to be closely
coupled in the brain®'3. Thus, a change in neuronal
activity would not be expected to cause a change in
extracellular glucose levels. However, we have found
that extracellular glucose levels monitored with micro-
dialysis vary with local drug-induced changes in neu-
ronal activity'".

Microdialysis coupled with an on-line enzyme-based
assay allowed extracellular glucose in the striatum to
be monitored at 2.5-min intervals in the freely moving

rat*. Glucose supply is affected by a number of vari-
ables, including plasma concentration, rate of transport
across the blood-brain barrier and blood flow?. In
view of the tight coupling between regional glucose
utilisation and blood flow, we decided to measure
changes in extracellular glucose during physiological
activity and to monitor rCBF under the same condi-
tions.

Due to methodological constraints there have been
relatively few studies of rCBF in awake animals under
physiological conditions®'®. None of the available
methods for measuring rCBF in small animals allows
repeated measurements in the awake animal at high
time resolution. Radioactive tracer techniques coupled
with autoradiography provide good spatial resolution,
but time course information requires the use of a large
number of animals'®?. Furthermore, frequent blood
sampling means that unanaesthetised animals are often
partially restrained®.

The measurement of hydrogen clearance is a well-
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established technique for determining rCBF2>?%, Hy-
drogen is administered by inhalation and monitored by
amperometric detection at an electrode implanted in
the brain. The rate of hydrogen clearance, once admin-
istration has stopped, is proportional to local blood
flow?6. This method allows repeated measurements in
the same animal and is also suitable for chronic record-
ing over several days®'*, However, this technique has
been most extensively used in anaesthetised prepara-
tions because of the difficulties of controlling the ad-
ministration of the hydrogen tracer. Previous attempts
to adapt this technique for use in awake animals have
involved confining the animals in a vented chamber
through which a hydrogen-air mixture is passed at high
volume flow rate®’. This gives poor time resolution and
is potentially stressful.

Here we report a novel hydrogen delivery system
that directs a slow stream of pure hydrogen at the rat’s
snout for 10-20 s, allowing rCBF measurements to be
made at 5-min intervals in the undisturbed, freely
moving animal. This adaptation of the hydrogen clear-
ance technique has allowed us to monitor changes in
striatal blood flow during normal behaviour and to
evaluate the time course of changes in blood flow with
two forms of mild stress. The changes in blood flow are
compared with the variations in brain extracellular
glucose observed under the same conditions. Some of
these results have been reported in preliminary form!°.

MATERIALS AND METHODS

Electrodes

The hydrogen detection electrode was of Teflon-coated 90%
platinum / 10% iridium wire (bare diameter, 50 pwm; coated diame-
ter, 75 um; Clark Electromedical Equipment) with a 4-mm active
length. To facilitate implantation, the wire was glued into a 20-mm
length of plastic-coated silica tubing (0.d. 0.17 mm; Scientific Glass
Engineering, UK) and a 14 mm section of stainless steel cannula
(0.d. 0.5 mm; Goodfellow, UK). Only the platinum wire and 2 mm of
the silica tubing penetrated the brain. The detection electrode was
held at 250 mV vs. a chloridised silver wire (0.d. 0.325 mm) im-
planted in the cortex. Auxiliary and earth electrodes were also of
0.325 mm Teflon-coated silver wire (Clark Electromedical Equip-
ment, UK). All electrodes were soldered to gold connectors, which
were cemented into a six-pin plastic socket (both from Plastics One,
USA).

Microdialysis probes

The microdialysis probes were of concentric design, constructed
by inserting a plastic-coated silica tube (VS170,/110; Scientific Glass
Engineering) into a polyacrylonitrile dialysis fibre (o.d. 320 wm;
Hospal, France). The fibre (total length, 5-6 mm) was glued into a
stainless steel cannula, leaving an active length of 4 mm and the tip
was sealed with epoxy. A second silica tube inserted into the cannula
served as the outlet.

Surgery

Male Sprague—Dawley rats (200-300 g) were anaesthetised with
a combination of fentanyl/fluanisone (0.25/0.8 mg/kg, ip.) and
midazolam (0.4 mg/kg i.p.) and placed in a stereotaxic frame. Body

Fig. 1. Apparatus for delivering hydrogen to a freely moving rat.
PEEK tubing is held in two channels in the dental acrylate which
secures the implanted electrodes and bent in order to position two
0.4-mm holes beneath the rat’s nostrils. Details are given in the text.

temperature was maintained at 37°C with a heating pad (Sandown
Scientific, UK). The detection electrode was implanted into the right
striatum (coordinates, from bregma: A/P +1.0, M/L +2.5 and
D/V from dura: —8.5 mm). The reference electrode was placed in
the cortex and the auxiliary and earth electrodes were slipped
between the skull and the dura at separate sites. The electrodes were
fixed to the skull with screws and dental acrylate. Two lengths of
plastic tubing were imbedded in the dental acrylate to provide
channels for the hydrogen delivery system (see below).

Microdialysis probes were implanted in the right striatum in a
separate group of animals. The active part of the dialysis membrane
was placed in the same region of the striatum-as the hydrogen
detection electrode.

The animals were then allowed to recover from anaesthesia.
Post-operative analgesia was provided in the form of a single injec-
tion of buprenorphine (0.1 mg/kg, s.c.) given immediately following
the surgery. The rats were housed in large plastic bowls (Johnson’s
Garden Centre, Oxford), with free access to food and water. Experi-
ments were carried out with the animal in its home bowl. The health
of the animals was assessed following recovery according to pub-
lished guidelines'® and all procedures were specifically licensed
under the Animals (Scientific Procedures) Act, 1986.

Hydrogen delivery

Lightweight polyethyletherketone (PEEK) HPLC tubing (i.d. 1.6
mm, o.d. 3.2 mm; Anachem, UK) was passed through channels in the
dental acrylate and bent in such a way as to position two 0.4-mm
holes about 5 mm beneath the rat’s nostrils (see Fig. 1). This
lightweight, rigid structure was well tolerated by the rats, which
exhibited normal behaviour while it was in place. The PEEK tubing
was connected through a flashback arrestor and a pressure regulator
to a hydrogen cylinder (zero grade, British Oxygen, UK), with the gas
flow controlled external to the rat’s bowl. This arrangement allowed
measurements to be made without disturbing the animal. The gas
was administered for approximately 10-20 s, typically at 5-min inter-
vals and at a flow rate of 150 ml/min.

Hydrogen detection and data acquisition
The platinum detection electrode was held at 250 mV vs.
Ag™* /AgCl with a low-noise potentiostat of our own design (Biostat



II, EMS, Oxford). At this potential, detection of hydrogen is mass-
transport limited and is not compromised by detection of other
oxidisable species present in the brain®®. The current was digitised at
16-bit resolution through an NB-MIO-16X multifunction board (Na-
tional Instruments Corp., USA) in a Macintosh IIfx computer and
was controlled using LabVIEW software (National Instruments,
USA). Current values were recorded by the computer at 0.5-s inter-
vals. To further reduce noise, each value was an average of 75
determinations made at 2-ms intervals.

For each blood flow measurement, the LabVIEW program was
started and the baseline was recorded for 5 s. Hydrogen was then
administered until the current had increased by 30-80 nA. The
decay curve was collected for a 3-min period. The first 30-60 s of the
curve were neglected and the remaining 120-240 s were transferred
to an analysis program. Here a first-order analysis plot of In (i(¢)—
[paseline) VS- time ¢ was performed. If a linear plot was obtained, the
slope was converted to blood flow according to the following formula
(assuming a partition coefficient of unity):

rCBF (ml- (100 g) ™' -min~") = slope (s ~1)-60-100 g ')

When the semilog plot showed a clear break in the slope, the decay
curves before and after the break point were analysed separately.

Analysis of glucose
The dialysate was analysed for glucose using a flow injection

enzyme-based assay that is described in detail elsewhere®. Briefly,
glucose oxidase and horseradish peroxidase (Boehringer-Mannheim,
FRG) were immobilised on 10 wm silica beads, which were then
packed into a small bed. A phosphate buffer containing the electro-
chemical mediator species ferrocene (composition (in mM):
Na,HPO, 100, EDTA 1, ferrocene monocarboxylic acid 2, adjusted
to pH 7.0, with 0.05% Kathon CG added to inhibit bacterial growth)
was pumped through the bed at 0.5 ml/min by an HPLC pump
(Pharmacia LKB 2150). Glucose was oxidised by glucose oxidase,
producing hydrogen peroxide. Horseradish peroxidase converted this
to water and was regenerated by the oxidation of the ferrocene
species present in the buffer. The ferricinium produced was detected
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by reduction at a downstream electrode held at 0.0 V vs. Ag/AgCl
by a potentiostat of our own design.

Experimental conditions
At least 90 min prior to the start of each blood flow experiment,

the rat was placed in a fume cupboard, in its home bowl. The
hydrogen delivery tubing was put in position and connected to the
gas supply. The electrodes were connected to the potentiostat through
a flexible cable and swivel (Plastics One, USA) which allowed the
animal free movement. Once the background current had stabilised
and the rat had become accustomed to the new conditions, blood
flow measurements were made at 5-min intervals.

The microdialysis experiments were carried out following a 24 h
recovery period. The microdialysis probes were connected to a
microinfusion pump (CMA Microdialysis) through a liquid swivel,
allowing the animals free movement. The probes were perfused with
an artificial cerebrospinal fluid (aCSF) (composition (in mM): NaCl
147, KClI 4,0, CaCl, 1.2, MgCl, 1.0), at 2 pl/min.

The outflow of the microdialysis probe was connected through
low dead volume FEP tubing (CMA Microdialysis) to a 22-gauge
square ended injection syringe needle (Hamilton, Switzerland). The
needle was inserted into the VISF-1 injection port of an HPLC valve
(Valco C6W) mounted as part of a CMA /160 on-line injector (CMA
Microdialysis). This arrangement allowed 5 L dialysate samples to
be automatically injected onto the enzyme packed bed, providing
on-line analysis of glucose at 2.5-min intervals.

Physiological stimulation
Two forms of mild stress were studied. In the first, gentle

pressure was applied to the rat’s tail for S min by means of a paper
clip attached about 3 cm from the tip. This tail pinch produces a
stereotyped gnawing behaviour?. The rat vigorously chewed a wooden
stick held by the observer until the clip was removed.

The effect of restraint stress was also examined. The rat was
restrained for 10 min in a transparent, ventilated box. The box
prevented any movement, but did not compromise respiration and
involved only minimal handling of the animal at the start of the

procedure.
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Fig. 2. A: two examples of hydrogen clearance curves from the same rat, under conditions of basal and tail pinch-stimulated blood flow. The dark
bar indicates the period of hydrogen administration. Current is plotted at 0.5-s intervals. B: the analysis of the curves shown in Fig. 2A. The
expression In (i(#) — i, .jine.) Was plotted against time ¢, and the data fitted by linear regression. The mean squared error for the basal blood flow
data was 0.00011 and that for the tail pinch-stimulated blood flow data was 0.0004. The slope of each line was converted to CBF as described in
the text. The basal striatal blood flow was 83.9 ml-(100 g) ! min ! and the tail pinch-stimulated blood flow was 178.9 ml-(100 g)~*-min 1
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TABLE 1

None of the values are significantly different from each other (unpaired
Student’s t-test, P > 0.05)

Time post-implantation (h) mean basal CBF + S.EM.

(ml-(100g) ~!-min~1)

X

6 (transient administration) 933459 5
6 (saturation) 86.1+9.8 5
24 89.94+25 5
48 85.8+3.1 5

RESULTS

Measurement of rCBF

The background current was very stable and did not
drift during the 3-4 h experiments. It was typically 6-7
nA, although somewhat higher 6 h post-implantation.
The transient administration of hydrogen led to a
30-80 nA increase in current. The use of a three-elec-
trode system and low-noise potentiostat gave very quiet
signals (see Fig. 2A).

Fig. 2A shows typical hydrogen clearance curves
measured under basal and tail pinch-stimulated condi-
tions in the same animal. Clearance curves were gener-
ally well fitted by a single exponential, as shown in Fig.
2B. Blood flow values did not depend on the absolute
size of the current, which varied between 30 and 80 nA
depending on the efficiency of the hydrogen delivery.

Hydrogen clearance measurements are usually made
following the administration of hydrogen to saturation
levels. We therefore compared the blood flow esti-
mates based on transient hydrogen inhalation with
those determined following saturation at 6 h post-im-
plantation (Table I). Steady state conditions were
reached within 4-5 min of gas administration and
produced currents 15-20-fold higher than those ob-
served following 10-20 s of hydrogen administration.
The mean blood flow determined with saturation levels
of hydrogen was not significantly different from that
measured following transient hydrogen inhalation (P >
0.05, unpaired Student’s t-test; n = 5).

Basal rCBF and extracellular glucose in the undisturbed
rat

Mean values for basal striatal blood flow at 6, 24
and 48 h following electrode implantation are pre-
sented in Table I. The values were not significantly
different at any of these time points (P > 0.05, un-
paired Student’s ¢-test; three or four measurements in
five rats).

Microdialysis experiments were carried out at 24 h
post-implantation. The basal dialysate glucose concen-
tration was 182 + 12 uM (n = 10).

Effect of tail pinch on extracellular glucose and rCBF

Application of a 5-min tail pinch caused an increase
in dialysate glucose levels of 1104 2% of baseline
(n = 6), which occurred immediately after the stimulus
was applied. Levels returned toward baseline only to
show a second prolonged elevation of similar magni-
tude that was still significant at 32.5-min post tail pinch
(Fig. 3A).

Tail pinch caused an immediate increase in striatal
blood flow which reached a maximum of 169.5 + 20
ml-(100 g) ' min~! (eight tail pinches in five rats)
during the stimulation. This represents an increase of
198 + 16% of baseline. Blood flow returned to baseline
within 15 min of the tail pinch and remained at basal
levels for at least 55 min.

Effect of restraint stress on extracellular glucose and
rCBF

Ten minutes of restraint stress resulted in significant
and prolonged increases in the glucose levels in striatal
dialysate, reaching 170 + 22% of baseline (n = 4). Glu-
cose levels began to rise slowly during the stress, but
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Fig. 3. A: effect of a 5-min tail pinch (dark bar) on dialysate glucose
(n=6) levels in the striatum. Values are mean+ S.E.M., expressed
as a percentage of the mean baseline. * P <0.05, ** P <0.01
Mann-Whitney U-test vs. last baseline point. B: the effect of a 5-min
tail pinch (open bar) on striatal blood flow. Values are mean+ S.E.M.
for eight tail pinches in five rats, 24-48 h following implantation.
** P <(0.01, * P <0.05, Mann-Whitney U-test vs. the last baseline
value.



were not significantly above baseline until 15 min. This
increase in dialysate glucose persisted for 20 min and
then gradually returned to baseline (Fig. 4A).

There was a marked difference in the effect on
striatal blood flow of restraint stress and tail pinch.
During the restraint, there was no significant change in
blood flow compared to baseline. In some rats, a small
increase in blood flow occurred once they were re-
leased (Fig. 4B). The maximum significant increase was
123 + 13% of basal values. A brief period of grooming
frequently followed restraint stress, which may have
partly contributed to this increase. The mean striatal
blood flow was significantly above baseline values at 20
and 30 min post-stimulus.

rCBF during normal behaviour

The rats exhibited normal behaviour during the
experiments, allowing the blood flow measurements to
be made during periods of spontancous grooming and
eating (Fig. 5). Striatal blood flow increased by 13.3 +
2.6 ml- (100 g)~' - min~! above baseline during eating
(n =3), while grooming provoked a somewhat larger
increase of 19.5 + 3.4 ml - (100 g)~! - min~"! (nine mea-
surements in five rats). This represents an increase of

200 *

A

180

160

140

120

100

glucose efflux (% basal)

80
-3

150
130
10

90

striatal CBF (mL/100 g/min)

70 L L
-30 -20 -10 0 10 20 30 40 50 60

time (min)

Fig. 4. A: effect of 10 min of restraint (dark bar) on dialysate glucose

(n=4) levels in the striatum. Values are mean+ S.E.M., expressed

as a percentage of the mean baseline. * P < 0.05, Mann-Whitney

U-test vs. last baseline point. B: the effect of a 10-min period of

restraint stress (dark bar) on striatal blood flow. Values are mean +

S.E.M. for 6 in four rats, 24-48 h following implantation. * P < 0.05,
paired Student’s ¢-test vs. the last baseline value.
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Fig. 5. The mean striatal blood flow during periods of spontaneous
eating (n = 3) and grooming (n = 5). Values are mean + S.E.M. Stim-
ulated blood flow values were compared to the preceding baseline
value in each case, ** P < 0.01, * P < (.05 (paired Student’s -test).

115 + 2% and 122 + 3% above basal values, respec-
tively.

DISCUSSION

Basal blood flow values measured in the freely mov-
ing rat with this adaptation of the hydrogen clearance
technique agreed closely with literature values. At 6 h
post-implantation, mean striatal blood flow was 93.3 +
5.9 ml- (100 g)~ ' - min ' This compares well with the
value of 104.5 + 6.9 ml- (100 g) ! - min~! determined 6
h post-surgery with the ["*Cliodoantipyrine technique
in awake rats'®.

The spreading depression that accompanies the im-
plantation of the detecting electrode has been shown
to disturb CBF for 2-3 h after surgery, making the
hydrogen clearance technique inappropriate for acute
blood flow measurements. However, between 6 and 24
h the hydrogen clearance technique gives values for
rCBF in good agreement with those determined by
radioactive tracer methods®. Basal striatal blood flow
was not different at 6, 24 and 48 h, in agreement with
the finding of Jackowski et al. (1989) that consistent
results could be obtained with chronically implanted
platinum electrodes for up to 7 days'4.

The hydrogen clearance technique is most often
used in anaesthetised preparations and hydrogen is
normally administered to saturation levels, which takes
several minutes?®. One study using brief (1-3 min)
inhalation reported a very fast initial component to the
clearance curves, which was attributed to equilibration
of the hydrogen between different tissue compart-

The transient administration of hydrogen used in
this study resulted in peak currents that were about
one-fifteenth those obtained with saturation. These
clearance curves were generally well described by a
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single exponential (Fig. 2A). We compared the blood
flow values determined with transient hydrogen admin-
istration with those measured following the administra-
tion of hydrogen to saturation levels. Interestingly, the
decay curve following saturation often had a much
faster initial component during the first 60 s of clear-
ance. The blood flow estimated from the slow compo-
nent was not significantly different from the flow deter-
mined following transient hydrogen administration
(Table I). This finding confirmed that brief administra-
tion of hydrogen was suitable for measuring CBF.

Reducing the hydrogen administration time to 10-20
s made it possible to make blood flow measurements
with 5-min time resolution. This measurement interval
is considerably smaller than that reported for either
the more conventional hydrogen clearance method in
awake rats (15-60 min)®° or PET (10 min)!”. Further-
more, it is on a similar scale to the on-line assay for
dialysate glucose used in this study, allowing transient
changes in extracellular glucose to be compared with
blood flow.

The rats quickly habituated to the presence of the
hydrogen delivery tube and slept, ate and groomed
normally throughout the experiments, including during
the periods of hydrogen administration. The gas deliv-
ery was controlled external to the rat’s bowl, allowing
measurements to be made without disturbing the ani-
mal. Thus, it was possible to measure blood flow dur-
ing spontaneous behaviour, as well as to determine
undisturbed basal values for comparison with those
obtained under conditions of mild stress. As the exper-
iments took place during the sleep cycle of the animals,
most of the measurements of basal blood flow were
made while the rat rested quietly. Under these condi-
tions, striatal blood flow was very constant (Figs. 3B,
4B). However, blood flow was very sensitive to changes
in behaviour, increasing by 115~122% during periods
of eating or grooming (Fig. 5).

There were no striking changes in basal glucose
levels during normal behaviour in the freely moving
rat. However, both tail pinch and restraint stress pro-
voked long-lasting increases in dialysate glucose, with
restraint stress having a much larger effect.

The application of a mild tail pinch for 5 min
resulted in an immediate increase in striatal blood flow
(Fig. 4). Regional CBF has been shown to be closely
linked to local glucose metabolism and hence func-
tional activity>*. The immediate, large increase in blood
flow observed during tail pinch suggests that this stimu-
lus leads to intense activity in the striatum. This is in
agreement with the increase in a number of neuro-
chemicals, including dopamine, ascorbate® and gluta-
mate! measured in the striatum during this stimulus.

Extracellular glucose briefly increased following tail
pinch, with a second, prolonged increase occuring be-
tween 15 and 32.5 min. The first increase closely fol-
lows the sharp rise in blood flow and falls toward
bascline as blood flow falls. However, the second,
prolonged increase in glucose levels occurs in the face
of decreasing blood flow. It appears that glucose sup-
ply is not challenged by enhanced utilisation during
physiological stimulation, although local drug-induced
increases in neuronal energy demands lead to a de-
crease in extracellular glucose!!,

Restraint stress led to a much larger increase in
extracellular glucose and did not provoke the transient
rise and fall seen immediately following tail pinch;
instead, striatal glucose levels increased slowly during
the stress and were significantly above baseline be-
tween 15 and 32.5 min.

During the 10 min of restraint stress, striatal CBF
did not differ from control levels. However, in many
animals blood flow increased once they were released
from the restraining box. This increase may have been
partly a result of the grooming that frequently followed
restraint stress. The maximum increase was 123 + 13%),
which is similar to the increase of 122 +3% seen
during spontaneous grooming.

The small increase in blood flow which occurred
following restraint closely follows the changes in extra-
cellular glucose. The finding that blood flow changed
very little with restraint implies that there was little
change in local neuronal activity in the striatum during
this stress. This is in agreement with 2-deoxyglucose
autoradiography studies which found no change in
striatal glucose utilisation during restraint’.

There have been several, conflicting reports on the
effect of restraint stress on rCBF in rats”!>!°, Most
have reported little, if any, change in rCBF during
restraint. However, these studies have been performed
with the [**Cliodoantipyrine technique, which may im-
pose some degree of stress in itself'®. In the experi-
ment reported here, 10 min of restraint stress followed
several baseline measurements during which the rats
were completely undisturbed. Our results confirm that
there is no change in striatal blood flow during re-
straint stress, but indicate that there is a slight increase
following the stress. Previous studies did not measure
blood flow after the restraint period.

Thus, restraint stress provoked small changes in
blood flow and large increases in glucose, while tail
pinch was accompanied by a substantial increase in
blood flow and only slight changes in glucose levels. In
both cases, elevated blood flow was associated with the
initial increase in glucose levels. However, the pro-
longed increase in dialysate glucose which followed



both stresses was not linked to higher blood flow. Mild
stress induces an increase in plasma glucose of 1-3
mM which can persist for up to 2 h> It is likely that
this hyperglycemia contributes to the over-supply of
brain extracellular glucose which follows tail pinch and
restraint stress.
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