Blood-Brain Barrier Choline Transport
Is Reduced in Diabetic Rats
ARSHAG D. MOORADIAN

The kinetics of blood-brain barrier (BBB) choline
transport in streptozocin-induced diabetic rats were
compared with those of age-matched vehicle-injected
control rats. The brain uptake index (BUI) of choline
in diabetic rats (13.9 ± 1.1%) was significantly lower
than that in control rats (22.6 ± 0.7%) (P < .05). This
alteration in brain choline uptake appeared to occur
in long-standing (9 wk) diabetes. Thus, acute
hyperglycemia and diabetes mellitus for shorter
periods (3 wk) did not significantly alter the BUI of
choline. Insulin (8 U/kg) treatment for 5 days did not
alter BUI in diabetic rats (12.9 ± 0.9%). The maximal
velocity of BBB choline transport (Vmax) in diabetic rats
(0.14 ± 0.07 nmol • min~1 • g 1) was significantly lower
than the Vmax in control rats (2.2 ± 0.8 nmol • m i n 1 •
9~1) (p < -05). The Km of choline transport in diabetic
rats (120 ± 70 |xM) was modestly but not significantly
lower than that in control animals (400 ±160 |xM).
Similarly, the constant of the nonsaturable component
of the transport (Kd) in diabetic animals (0.5 ± 0.07 |xl •
min~1 • g~1) was not significantly different from that in
control rats (0.9 ± 0.3 JJLI • min~1 • g~1). The data
indicate that diabetes mellitus in rats is associated
with a decreased BBB choline transport. Diabetes
36:1094-97, 1987

A

lthough angiopathic complications of diabetes
mellitus are well recognized, the central nervous
system (CNS) complications in general, and the
effect of diabetes on cerebral capillaries in particular, have not been adequately evaluated. The down-
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regulation of blood-brain barrier (BBB) glucose transport in
diabetes mellitus may protect the brain from the ravages
of chronic hyperglycemia (1,2). Yet, albumin selectively enters the cerebral cortex within 2 wk after induction of diabetes
in the rat (3). A similar increase in blood-retinal barrier
permeability has been reported to occur in diabetic rats (4).
In addition, a recent clinical study found impairment of memory in a group of elderly type II (non-insulin-dependent) diabetic patients (5). We have found similar alteration in streptozocin-induced diabetic (STZ-D) mice with the T-maze
paradigm (6). I hypothesized that BBB-specific transport
processes may be impaired in diabetes, and a possible
factor contributing to the memory dysfunction in diabetic
patients might be reduced blood-brain choline transport, in
view of the evidence implicating the cholinergic system in
memory dysfunction (7). To prove this hypothesis, I defined
the kinetics of BBB choline uptake in diabetic and agematched control rats.
MATERIALS AND METHODS
Adult male Fisher 344 rats weighing 180-220 g were used.
One group of animals was made diabetic with a single intraperitoneal injection of STZ (Upjohn, Kalamazoo, Ml; 45
mg/kg). Animals were selected for the studies if 1 wk after
STZ injection they had urinary glucose values of 1-2% with
negative to trace urinary ketone by the Ketodiastix (Ames,
Elkhart, IN) and if 3 or 9 wk after STZ (the day of the experiment) the serum glucose level, measured by glucose
autoanalyzer, was >300 mg/dl. Vehicle-treated control animals of similar age and sex were evaluated concurrently
with the diabetic rats. In addition, a group of STZ-D animals
was given protamine zinc insulin (PZI), 8 U/kg s.c. daily for
the last 5 days before the experiment. The animals demonstrating serum glucose levels of 80-150 mg/dl (mean
135.2 ± 10.4 mg/dl) were selected for this study. The mean
serum glucose concentration in vehicle-injected controls
was 162.1 ± 8.7 mg/dl. All the animals were fed ad libitum
before blood was obtained for measurement of glucose.
To evaluate the effect of acute hyperglycemia, the BUI of
choline was measured in a group of rats (n = 6) 5 min after
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FIG. 1. Brain extraction of 3H2O (% of dose injected/g, means ± SE) at
different time points after intracarotid injection. Only ipsilateral brain
tissue was processed, as described in text. Slope of lines is efflux rate
constant of water, n = 3 for each point. • , Diabetic rats; X, control
rats.
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FIG. 2. Brain uptake index of choline in diabetic (n = 5), control
(n = 6), and insulin-treated diabetic (n = 5) rats (means ± SE).

constant of 3H2O, Vd is the volume of distribution of water
(0.78 ml/g), and Ew is the fractional extraction of water from
the brain by the blood (0.85). The efflux rate constant (8)
was determined from the logarithmic plot of brain extraction
of water at 15, 60, 120, and 240 s after intracarotid injection
of 3H2O (Fig. 1). The control rats in this experiment were 2
mo old.
The kinetic constants of facilitated transport and passive
diffusion of choline were estimated by a nonlinear regression
analysis (BMDP, AR, University of California, Los Angeles)
performed to fit the data to the model
\/ _

("C dpm/ 3 H dpm)brain
x 100
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Estimates of total velocity (V) of uptake were calculated by
multiplying the BUI/100 by E x F x Ca, where E = 0.093
(extraction of the tryptamine reference) (9), F is blood flow
in the rat forebrain, and Ca is the arterial choline concentration in the injected bolus. The F was determined as described
previously (10) by F = {B • Vd)/Ew, where B is the efflux rate
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where Vmax is the maximal choline transport velocity, Km is
the choline concentration at half-maximal transport (Michaelis-Menten constant), and Kd is the diffusion constant. Statistical analysis was performed by Student's t test.
RESULTS

Figure 2 shows that the BUI of choline in diabetic rats is
significantly lower than the BUI in vehicle-injected control
animals [22.6 ± 0.7 vs. 13.9 ± 1.1 % (mean ± SE), P < .05].
Insulin administration for 5 days decreased the serum glucose to 80-150 mg/dl but did not normalize the BUI
(12.9 ± 0.9%). The BUI of choline in acutely hyperglycemic rats (22.3 ± 2.2%) and in rats diabetic for 3 wk only
(21.8 ± 2.7%) was not significantly different from the control
group (22.5 ± 1.7%). To determine if the reduced BUI of
choline in diabetic rats was secondary to either increased
cerebral blood flow or reduced extraction of the internal reference, the blood flow and tryptamine extraction were determined. The estimated cerebral blood flow in pentobarbital-anesthetized diabetic rats was 0.11 ml • g~1 • min~1,
which is approximately one-third of the cerebral blood flow
in control rats (0.29 ml • g~1 • min~1). The tryptamine extraction (percent of total dose injected in 1 g of ipsilateral
brain tissue) in diabetic rats (5.45 ± 0.5%) was similar to
that of nondiabetic control rats (5.53 ± 0.4%). Figure 3 is a
plot of the total velocity (nmol • min^1 • g~1) of BBB choline
transport against various arterial concentrations of unlabeled
choline. From these data the kinetic constants of BBB transport can be calculated. The Vmax in diabetic animals (0.14 ±
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an intravenous bolus of dextrose (1 g/kg body wt), which
raised the blood glucose levels to 460.8 ± 37.9 mg/dl.
Choline transport was measured by the method of Oldendorf and Braun (8) with [3H]tryptamine as the diffusible
reference substance. Choline chloride (methyl-14C) (sp act
52 mCi/mmol), [3H]tryptamine hydrochloride (sp act 26-34
Ci/mmol), and 3H2O (|xCi/|xl) were purchased from New England Nuclear (Boston, MA). The radiochemical purity of
[14C]choline was >98% by paper chromatography with nbutanol:ethanol:acetic acid:water (8:2:1:3) solvent system,
and the radiochemical purity of [3H]tryptamine was 90% by
thin-layer chromatography with ethanol:diethylether:ammonium hydroxide (10:10:1) solvent system.
Under pentobarbital sodium anesthesia (50 mg/kg i.p.),
a total volume of 0.2 ml, containing - 0 . 6 (xCi of [14C]choline
and 4 jxCi of [3H]tryptamine in 25 mM HEPES-buffered (pH
7.5) Ringer's saline with varying concentrations of unlabeled
choline chloride, was injected into the right common carotid
artery, and 15 s later the animal was decapitated. The ipsilateral forebrain was removed, the pia-arachnoid vessels
were stripped away with a cotton applicator, and 0.20-0.25
g of brain tissue was solubilized in 1.5 ml Soluene (Packard,
Downers Grove, IL) at 60°C for 2 h. Ten milliliters of scintillation cocktail (Instagel, Packard) were added and the radioactivity counted in a Beckman liquid scintillation counter.
Counts per minute (cpm) recorded were converted to true
disintegrations per minute (dpm), with appropriate corrections made for 14C counts spillover in a 3H window. Brain
uptake index (BUI) was determined as
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0.07 nmol • min~1 • g~1) was significantly lower than the Vmax
in vehicle-injected control rats (2.2 ± 0.8 nmol • rnin"1 • g~1)
(P < .05). The Km of the transport in diabetic rats was modestly but not significantly lower than that of control rats
(120 ± 70 vs. 400 ± 160 |JLM). Similarly, the constant of the

nonsaturable transport (Kd) in diabetic animals (0.5 ± 0.07
ixl • min~1 -g~1) was not significantly different from that in control rats (0.9 ± 0.3 JUL! • min~1 • g~1).

DISCUSSION

The BUI of choline in diabetic rats was significantly reduced.
This alteration could not be corrected by short-term lowering
of the blood glucose with insulin injections; hyperglycemia
also could not alter BUI measurements, indicating that the
reduced brain uptake of choline was secondary to chronic
diabetic changes rather than to transient hyperglycemia. Although the cerebral vascular permeability is selectively increased in diabetic rats (3), the extraction of the internal
reference [3H]tryptamine was not increased in diabetic animals and, therefore, cannot account for the lowered BUI of
choline. Similarly, the reduced cerebral blood flow in anesthetized diabetic rats compared with the anesthetized
control rats would have falsely increased the BUI of choline
in diabetic animals; the observed reduction in BUI of choline
is thus actually more profound than it appears.
This alteration in brain choline uptake appears to occur
only in long-standing (9 wk) diabetes, because diabetes for
shorter periods did not alter choline BUI. Although the cerebral blood flow in 3-wk-diabetic rats was not determined,
the animals appeared to be dehydrated. Thus, the mild impairment in BBB choline transport in these animals may have
been overshadowed by reduced cerebral blood flow resulting in normal choline BUI measurements. The short-term
insulin therapy did not normalize the choline BUI in diabetic
rats; however, initiation of insulin therapy at the onset of
diabetes might prevent the alterations in brain uptake of
choline in chronic diabetes.
The kinetic constants of BBB choline transport in vehicle-
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FIG. 3. Total uptake velocity of choline at different arterial
concentrations of choline chloride (means ± SE). n = 3-6 for each
point. X, Control rats; • , diabetic rats.
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