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Abstract—Blood--brain barrier (BBB) function was assessed in 19-21-day-old rats exposed to low level
lead from birth. Newborn rats received lead via milk from lactating dams given drinking water containing
0.1% lead acetate [Pb(Ac),]. The treatment regime produced lead levels in the neonates within the
range 20-80 ug dl™! blood, without affecting growth. Cerebrovascular permeability (PS-product) to the
diffusion-limited solute mannitol was unchanged in six regions of the cerebral hemisphere, the cerebellum
and the brainstem, suggesting that barrier integrity was not affected by the low dose lead treatment.
Regional cerebrovascular permeability to nutrient tracers representing seven BBB transport classes was
not impaired by lead treatment. However, the PS estimates for the amino acids lysine and histidine and
for thiamine were greater than control in some regions of the cerebral hemisphere. These alterations in
nutrient supply to the brain may reflect altered substrate utilization associated with repair processes or

delayed maturation of the CNS.

It has long been known that the developing central
nervous system (CNS) can be irreparably damaged
by exposure to high levels of lead [1-3]. In young
children, the onset of signs of lead encephalopathy,
which can lead to permanent neurological impair-
ment and sometimes death, have been associated
with blood lead levels in excess of 80-100 ug di™! [4].
In recent years, attention has focused on the possible
consequences to CNS development of chronic
exposure to the levels of lead encountered in the
urban environment. In infant population studies,
behavioural and cognitive deficits, and altered reac-
tion time patterns have been associated with blood
lead levels as low as 13-35 ug d1™! [5-8], suggesting
a low threshold for neurotoxic effects. However, the
methodological problems associated with this type
of investigation, e.g. the difficulty in controlling for
confounding covariates, has led to disparity in the
results between different studies and controversy
over the interpretation of findings [9, 10]. Given the
limitations of epidemiological surveys, the devel-
opment and study of an appropriate animal model
of low level lead exposure is particularly important.
Modifications of the suckling rat model first intro-
duced by Pentschew and Garro [11] have been used
in recent years to investigate possible mechanisms
underlying lead induced neurotoxicity that are per-
tinent to human childhood exposure [12, 13].

Both clinical and experimental studies have indi-
cated that the brain microvasculature is a primary
target for lead in the CNS. The pathological changes
seen in post-mortem brain tissue taken from fatal

* To whom all correspondence should be addressed.

+ Abbreviations used: BBB, blood-brain barrier; PS
product, cerebrovascular permeability—surface area
product.

cases of childhood lead encephalopathy (oedema,
vacuolation, haemorrhages, reactive gliosis) appear
to be the consequence of selective injury to small
blood vessels [12 for review]. A similar pattern of
microvascular lesions leading to haemorrhages,
oedema and tissue necrosis has been described in
animal studies using high dose lead regimes {14 for
review]. Other experimental studies have shown that
lead accumulates in the endothelial cells of brain
capillaries [15-18].

The cerebral capillary endothelium serves as a
selective barrier to the free movement into brain of
blood-borne substances. Ultrastructural studies have
established that the barrier is formed by the tight
junctions between endothelial cells [19]. The entry
into brain of plasma proteins, ions and many hydro-
philic non-electrolytes is severely restricted, whereas
the exchange of substrates essential for normal cere-
bral metabolism is facilitated by specific endothelial
membrane transporters [20]. Since transport at the
blood-brain barrier (BBB)t is an important deter-
minant of substrate availability in brain [21], selective
changes in barrier permeability to essential metabolic
substrates could influence substrate-limited path-
ways of cerebral metabolism. Although there is no
evidence of gross structural damage to the cerebral
capillary endothelium or change in vascular density
with low-level lead exposure [14, 22], it is possible
that a more specific functional abnormality, par-
ticularly during the critical period of post-natal brain
growth [23], might have serious consequences for
the structural and functional maturation of the brain.
At this time the endothelial transport systems are
geared to the increased metabolic demands of the
CNS for essential nutrients from the circulation [24-
27].

There have been relatively few studies on the
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functional integrity of the developing BBB at blood
lead levels below those associated with gross micro-
vascular lesions and their sequelae. Lorenzo and
Gewirtz [28] found that blood-to-brain transfer of
tryptophan was reduced in lead-exposed neonatal
rabbits. However, Lefauconnier et al. [29] were
unable to demonstrate a change in BBB transport
of several important nutrients in suckling rats, and
Michaelson and Bradbury [30] found no effect on
choline or tyrosine transport in 8-10-week-old rats
exposed to low levels of lead from birth. In these
studies BBB function was assessed in a single gross
brain sample, and it is possible that alterations loca-
lized to particular anatomical and functional regions
may not have been detected. In addition, the blood
lead levels reported in two of the studies [28,29],
although below the threshold for lead encepha-
lopathy, were within a range where undernutrition
is often a complicating factor [31, 32].

In the present study the effect of low-level lead
exposure on the functional integrity of the devel-
oping BBB has been investigated in rats. Newborn
rats received lead throughout the suckling period
via maternal milk. The treatment regime produced
blood lead concentrations within the range 20-80 ug
di~!, levels reported to be below those associated
with frank lead poisoning in children. Cerebro-
vascular integrity and transport function were
assessed by measuring BBB permeability to various
radiolabelled solutes.

MATERIALS AND METHODS

Animal maintenance. Pregnant Ola:Sprague—
Dawley rats from a specified-pathogen-free colony
were obtained from OLAC 1976 (Bicester, Oxford-
shire, U.K.) at 16-19 days gestation. They were
housed singly in plastic cages with stainless-steel
wire tops, and held in a room with an ambient air
temperature of 20°, relative humidity in the range
39-83%, and a 12 hr light—dark cycle. The animals
were given free access to Rat and Mouse No. 3
breeding diet (Special Diet Services Ltd., Witham,
Essex, U.K.; lead content < 1.6 mgkg™") and tap
water, and were provided with nesting material.

Lead exposure regime. Within 12 hr of parturition
the dams and their litters were randomly assigned
to experimental or control groups, and litters were
standardized to nine pups. The drinking water of
the experimental group was replaced by 0.1% lead
acetate [Pb(Ac),] solution. Control animals received
deionized water (containing < 1mgPbl™!). The
547 ppm lead drinking solution was prepared by dis-
solving 5 g Pb(Ac), in 51. of deionized water, with
the addition of 2.0 ml hydrochloric acid to prevent
the precipitation of insoluble lead salts. Glucose (5%
w/v) was added to each water bottle to improve
palatability. Similar quantities of acid and glucose
were added to the drinking water provided for the
control animals. Food and fluid intake and body
weights of the dams, and total litter weights were
recorded daily throughout the three-week suckling
period. Individual pup weights were recorded just
prior to BBB function studies. At 7 days and 14 days
post-partum, blood samples for lead analysis were
taken from several lead-treated and control litters
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under pentobarbitone anaesthesia by cardiac
puncture. Blood samples were also taken from pups
at 19-21 days just prior to BBB function studies.

Lead analyses. Lead in whole blood or plasma
was measured by graphite furnace atomic absorption
spectrophotometry (Perkin—-Elmer 2380 and HGA
400 with Deuterium Arc background correction)
using the method of Fernandez and Hilligoss [33].
Standards and blanks were matrix matched with test
samples. The lower limit of sensitivity was 2.5 ug Pb
di™!. Lead in drinking water was determined using
flame atomic absorption spectrophotometry. Analy-
sis of each batch of lead drinking solution was within
3% of the calculated value. Laboratory analytical
quality of the blood lead determinations was moni-
tored by the United Kingdom External Quality
Assessment Scheme (UKEQAS, Wolfson Research
Laboratories, Birmingham, U.K.).

The integrity of the blood-brain barrier. At 19-21
days post-partum, the suckling rats were anaes-
thetized (40 mgkg™" i.p. pentobarbitone Na) and
cerebrovascular integrity was evaluated from
measurements of regional BBB permeability to D-
[**C]mannitol using the steady-state programmed
infusion technique [34]. Briefly, a steady level of D-
[**C] mannitol tracer was maintained in the cir-
culating plasma for an interval (¢) of 10 min by pro-
grammed i.v. infusion. The arterial tracer con-
centration, R, (dpm ml™"), was monitored, and at
the end of the infusion period the blood was rapidly
flushed out of the cerebral vessels [35] and the
amount of tracer in discrete regions of the CNS, R,
(dpm g™!), was determined. The apparent per-
meability — surface area (PS) product was calculated
from the tissue and mean plasma radioactivity data:

PS=R,/R, 1.

This relationship assumes that back diffusion of the
tracer from brain to blood is negligible relative to
influx during the experimental period. Since the
specific gravity of brain tissue is approximately
1.0 gml™!, values for PS product (ml sec™! g=') are
presented in units of sec™!.

Blood—-brain barrier transport function. Transport
function was assessed by measuring regional cerebro-
vascular permeability to radiotracer substrates repre-
senting some of the classes of compounds for which
transport systems have been identified and char-
acterized at the BBB. The substrates were D-glucose
(hexose system) L-histidine and L-lysine (neutral and
basic amino acids, respectively) choline (amine),
thiamine (vitamin), adenine ( purine base), pyruvate
and fS-hydroxybutyrate (monocarboxylic acid and
ketone body, respectively). The BBB permeability
measurements of all substrates except glucose were
made using the in situ brain perfusion technique
essentially as described by Takasato et al. [36]. The
basic perfusion fluid was bicarbonate-buffered
physiological saline (pH 7.4), containing either the
[““C]-labelled test solute (0.3-1.2uCiml™") and
[*H]inulin (1.0 uCi m1™') as an intravascular marker,
or [*C]diazepam (0.5 uCi ml™!) for measurement of
regional cerebral perfusion fiuid flow [36]. One
second prior to perfusion of the right cerebral hemi-
sphere, the right common carotid artery was ligated.
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Fig. 1. Pressure-flow calibration for in situ brain perfusion. Relation of carotid perfusion pressure to

perfusion rate of HCOs-buffered physiological saline. (——) best fitting regression line (y =

17.9x + 52.2, ¥ = 0.990). Each point represents a mean (+SE) of six 19 to 21-day-old rats. (---) For
comparison, data for adult rats taken from Takasato et al. [36].

The perfusate was then administered retrogradely
into the right external carotid artery at a constant
flow rate of 5.42 x 1072ml sec™! using a syringe
pump (Sage Instruments, Orion Research Inc., MA,
U.S., Model 351). This rate was found by pressure-
flow calibration of 19-21-day-old rats, using similar
methods to Takasato et al. [36], to maintain a carotid
perfusion pressure between 130-150 mm Hg (Fig.
1), sufficient to minimise collateral arterial supply.
Following perfusion the rat was decapitated, the
brain quickly excised and sliced into 2-mm coronal
sections that were rapidly frozen on the blades using
solid CO,. Discrete regions of the right cerebral
hemisphere were sampled, weighed and prepared
for scintillation counting together with aliquots of
the perfusate. Regional cerebrovascular PS-product
was calculated from the equation [36]

PS = _pr In (1-(Cyrain T/pr Tcpf))

where Cip.in is the parenchyma concentration of
[*C]-test substrate (dpm g™!) corrected for intra-
vascular tracer content using the [*H]inulin space
determined for each sample [36]; Cy is the con-
centration of [“C]-test solute in perfusate
(dpm ml~'); Fy is the regional cerebral perfusion
fluid flow (mlsec™! g™!) determined in lead-treated
and control pups using [*C]diazepam [36]; T is the
net perfusion time (18.5 sec). The perfusion time was
corrected for the 1.5 sec period that was required for
perfusion fluid to reach the cortical arteries after the
syringe drive was started.

Blood-brain glucose transfer. Regional blood-to-
brain transfer of glucose was determined at endogen-
ous plasma glucose levels in lead-treated and control
rats using methods previously described [37,38].
Briefly, D-[*C]glucose tracer was maintained con-
stant in the circulating blood plasma for 40sec by
programmed i.v. infusion. Following a controlled
washout of cerebral blood, tracer levels were
measured in discrete regions of the CNS and in
plasma separated from small blood samples taken
during the infusion. The plasma glucose con-
centration was also measured. Blood-to-brain trans-

fer of glucose, J, was calculated from the
relationship;

J=R,Cy/Ryt

where R, is the level of radioactivity in cerebral tissue
(dpm g™!); R, is the mean level of radioactivity in
plasma (dpm ml™!); C, is the mean concentration of
glucose in plasma (umol mi™!); ¢ is the duration of
infusion.

Counting procedures. Tissue samples (15-20 mg)
and aliquots (20-50 ul) of plasma or perfusate were
placed in tared counting vials containing 0.5-1.0 ml
of solubilizer (Soluene 350, Packard Instrument
Ltd., Berkshire, U.K.), weighed, sealed and allowed
to dissolve. Glacial acetic acid (0.1 ml) was added,
followed by 10 ml of scintillant (5g PPO and 0.3 g
POPOP/litre of toluene). Radioactivity was
measured using a Model 2650 automatic Tri-Carb
liquid scintillation spectrometer with automatic
quench correction.

Chemicals and reagents. Radiochemicals were pur-
chased from Amersham International plc (Ayles-
bury, Bucks, U.K.). These were [*H]-labelled inulin
(sp. act. 1980 mCi mmol™1), [**C]-labelled diazepam
(54 mCi mmol™!), D-mannitol (55 mCi mmol™1),
D-glucose (250-283 mCi mmol 1), choline
(50 mCi mmol ™), L-lysine (348 mCi mmol™!), L-his-
tidine (336 mCi mmol~!) adenine (235 mCi mmol™')
pyruvate (131 mCimmol™'), D-3-hydroxybutyrate
(58 mCimmol™'), thiamine (25.7 mCi mmol™!).
Reagents and chemicals used in the preparation of
buffers, drinking solutions and in scintillation count-
ing were of the highest purity available. Glucose
assays were performed using a hexokinase kit from
Boehringer Mannheim GmbH (F.R.G.).

Statistics. Data were analyzed for statistical sig-
nificance by ANOVA using the GENSTAT program
{39]. In all cases the criterion for statistical sig-
nificance was P < 0.05.

RESULTS

Growth
Fluid and food intake were depressed in some



4542

60

50

40 -

30

MEAN PUP WEIGHT (g)

S. R. MOORHOUSE et al.

L | L L L J

2 4 6 8

10 12 14 16 18

20 21

DAYS POST-PARTUM

Fig. 2. Weight gain of neonates suckling dams receiving deionized water (O) or 0.1% lead acetate
(547 mg Pb17") (A). Values are the means (+ SE) for 14 control and 15 lead-treated litters. There was
no significant difference at any time point (P > 0.05, t-test).

dams when they were first exposed to lead, but
providing the taste aversion was overcome within 2—
3 days the body weights of the dams and the growth
rate of their litters (Fig. 2) were comparable to
controls. Litters of dams showing a persistent
reduction in fluid intake were not used in the study.

Blood lead concentration

Table 1 shows whole blood and plasma lead con-
centrations in the suckling rats at different times
during the 3-week exposure period. Lead con-
centrations in the plasma were below the detection
limit (2 ug d17!) in all groups except the lead-treated
animals at 19-21 days post-partum. Whole blood
lead concentrations in the treated group had, by 7
days, reached levels comparable to those found at
19-21 days. These values were not substantially dif-
ferent from those reported by others using a similar
low-level lead exposure regime [30, 32].

Blood-brain barrier integrity

Cerebrovascular permeability to D-[**C]mannitol
was not significantly different from control in fore-
brain regions of lead-treated suckling rats (Table 2).
PS values in the hind-brain were also similar in the
two groups, e.g. mean (= SE) in the cerebellum was
1.92 = 0.07 and 2.07 = 0.10, and in the brain-stem

1.90 = 0.07 and 1.93 = 0.05 X 1073sec™! in control
and lead-treated rats, respectively. The regional PS
values for the control 19-21-day-old rats are com-

parable to those previously reported for the adult rat
[36, 40].

Regional cerebral perfusion flow and intravascular
volume

Table 2 shows mean regional values for cerebral
perfusion fluid flow and intravascular volume during
in situ brain perfusion with bicarbonate-buffered
physiological saline solution. Both parameters were
similar in lead-treated and control rats. The regional
values for intravascular volume in the untreated 19—
21-day-old rats agree closely with those reported
previously for the adult rat [36].

Blood-brain barrier permeability to metabolic

substrates

Table 3 shows regional cerebrovascular PS values
for seven tracer substrates determined by in situ
brain perfusion in lead-treated and control rats. Also
shown are regional blood-to-brain transfer rates for
glucose determined by steady-state programmed
infusion. A small adjustment was made to the control
transfer values for glucose to allow for a slightly

Table 1. Blood and plasma lead concentrations in control rats and rats exposed to lead via
milk throughout suckling

Control Lead-treated
Age
(days) N (ug Pb d1") N (ug Pb dl™"
Whole blood 7 5 <2 10 54+ 4
14 11 25+1.7 17 43+ 1
19-21 60 6.0x0.6 70 512
Plasma 7 4 <2 7 <2
14 11 <2 17 <2
19-21 12 <2 13 56+1.4

Values are means * SE for the number (N) of animals shown.



Thalamus
1.78 £ 0.07
1.73 £ 0.03

.65 = 0.08
72 £ 0.05

Hippocampus

63 £0.02
.65 + (.03

putamen

, and regional cerebral perfusion fluid flow and intravascular
Caudate-

Occipital
cortex
2.13x0.14
225x20.12

Parietal
cortex
1.95+0.09
2.05 = 0.05

Frontal

cortex

1
32+0.10

volume in 21-day-old control rats and rats exposed to lead via milk throughout suckling
2.10+0.12
2.32

Treatment
group
Control
Lead

Table 2. Regional cerebrovascular permeability-surface area (PS) products for p-[*C] mannitol

PS values for
Mannitol

(sec™! X 10%)
Cerebral perfusion
fluid flow (F,;)

7 +0.60
1+0.35

NN
L= =

7.44 = 0,53
6.68 £ 0.25

Control
Lead

7.02 £ 0.50
6.71 £0.35

8.12x0.39
8.03+0.28

6.50 = 0.35
6.34 +0.36

8.60 = 0.30

8.79 = 0,43
during perfusion of the right cerebral hemisphere with HCOs-buffered physiological

8.24 £ 0.28

829+ 0.29

determined

9.24 = 0.38
8.64 = 0.30

38
35

Lead

Control

+ SE for the number (N) of animals indicated.
-[*C] mannitol were determined by programmed i.v. infusion (see Materials and Methods).

Cerebral perfusion fluid flow and intravascular volume were

Values are means
saline.

PS values for D

(ml sec™ g1 x 10%)
Intravascular

volume
(ml g™* x 10%
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hicher mean nlasma glucose concentration
migher mean piasma glucose concentratio

in the
p n in the
treated animals. The adjustment was made using
regional kinetic constants for blood-brain glucose
transfer determined in coetaneous suckling rats.”

Analysis of variance showed that for thiamine and
L-lysine mean PS values were significantly greater
(P < 0.05) across brain regions in lead-treated rats
compared with controls, and that for L-histidine
there was a significant (P = 0.05) treatment/region
interaction (Table 4). Taking lead-treated and con-
trol animals together, region to region differences
were highly significant with all substrates except L-
lysine. Testing for differences at a regional level
using least significant difference criteria showed that
for L-lysine, L-histidine and thiamine, the differences
in PS-product between lead-treated and control rats
were greatest in the cerebral cortex (Table 3). With
thiamine, and to a lesser extent L-lysine, the dif-
ferences in PS product were also apparent in other
brain regions.

The uptake of glucose into regions of the cerebral
hemisphere was not significantly altered by chronic
low-level lead treatment (Table 3). Similar results
were obtained for the hind-brain, e.g. mean uptake
(£ SE) in cerebellum was 0.85=0.05 and

NEY+N04 ond in thoe hrain_cfam 1 11 + N N5 and
V.04 S ULV, alil 10 il ofaii-dicul 1.v5 T vuo aiG

1.00 = 0.05 pmol min™! g~! wet tissue in control and
lead-treated rats, respectively. The average control
value is similar to the glucose uptake estimate for
whole brain obtained by Daniel et al. [37] in 3-week-
old rats.

DISCUSSION

In neonatal rats, the neurological signs and vas-
cular encephalopathic changes that are associated
with acute lead poisoning generally occur at blood
lead levels > 200-500 ug di~! {41], whereas in chil-
dren, the effective threshold for symptomatic intoxi-
cation is lower, starting at approximately 80~
100 ug di~! [4]. Nevertheless, in the rat, exposure
protocols that produce blood lead levels as low as
20-50 ug di™' have been associated with neuro-
behavioural deficits [13,42], impaired or delayed
synaptogenesis [43, 44], and alterations in neuro-
transmitter systems and mechanisms of energy
metabolism [12,45-47]. Thus, although the rat
appears to have a greater resistance to frank lead
poisoning, neurobehavioural and neurochemical
changes have been produced in this species at blood
lead levels not uncommon in children from many
urban communities,

The treatment regime used in the present study
produced blood lead concentrations in the neonates
within the range associated with subclinical effects
in children (20-80 ugdl™!) and these levels were
maintained throughout the period of maximal post-
natal brain growth and development [23]. Moreover,
there was no effect of treatment on the growth rate
of the neonates during the nursing period. The occur-
rence of undernutrition in experimental animals has
been a common confounding feature of studies of
lead neurotoxicity, and it has been argued that where
growth retardation is evident, any changes in indices

* Moorhouse, unpublished data.
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Table 4. Summary of F-ratio probability from ANOVA applied to regional brain PS-
product for various substrates in lead-treated and control 19-21-day-old rats

Source of variation

Substrate Treatment Region Treatment/region
Lysine 0.009+ 0.288 0.091
Histidine 0.142 <0.001% 0.050*
Adenine 0.052 0.032* 0.288
Thiamine 0.014* <0.001% 0.263
Choline 0.259 <0.001% 0.755
Pyruvate 0.451 <0.001% 0.927
3-hydroxybutyrate 0.061 <0.001% 0.587

ANOVA was carried out using the GENSTAT statistical program [39]: * P < 0.05;

t P <0.01; + P <0.001.

of brain development and function could as easily be
attributed to malnutrition as to ingested lead [31].
The depressed weight gain of neonates is probably
due in part at least to diminished milk production
by undernourished dams as a consequence of the
aversion to food or fluid containing lead salts {48].
Bornschein et al. [49] and Carmichael et al. [32]
studied the relationships between dose, blood lead
concentration and general somatic effects in rodents
and found that concentrations of lead in maternal
drinking water above 0.2% (1000 ppm Pb) reduced
weight, fluid and food intake of dams and produced
growth retardation in the nursing young. Carmichael
et al. [32] further showed that the blood lead levels
at which these changes occurred were in excess of
180 ugdl™! in the dams and 90pugdl™! in the
offspring. In the present study, fluid and food intake
were depressed in some dams at the start of treat-
ment, but in most cases the reaction to the apparent
unpalatability of the drinking solution was short-
lived. However, our findings suggest that the
threshold lead dose at which non-specific nutritional
effects may become significant is probably lower
than that determined by Bornschein ef al. [49] and
Carmichael ef al. [32].

Cerebrovascular permeability to the diffusion-lim-
ited non-electrolyte mannitol provided a quantitative
regional index of BBB integrity in this study. There
was no change in BBB permeability to mannitol in
the brain regions examined after low-dose treatment;
increased “leakiness” did not appear to explain the
increased uptake of some metabolic substrates in
certain brain regions. As the observations were made
at the end of a 3-week exposure period, the possi-
bility of a transient aiteration in barrier integrity at
an earlier stage of treatment cannot be ruled out.
Such a brief, reversible change in cerebrovascular
integrity has been reported previously [50], albeit
at higher exposure levels (blood lead > 300 pg di™1)
than that used in the present study.

The close correspondence of the regional PS values
for mannitol obtained for untreateq suckling rats in
the present study, and those reported previously
for the adult rat [36, 40], shows that the restrictive
properties of the BBB are present at an early stage
of development. This accords with previous obser-
vations in whole brain [25,51]. The data further

BP 37/23-1

indicate that there are no significant regional dif-
ferences in BBB permeability to mannitol in the
three-week-old developing rat. This confirms and
extends previous work by Johanson [52], who
showed that BBB permeability to mannitol was simi-
lar in the cortex and cerebellum of 3-week-old rats,
although significantly greater in the cerebellum than
in the cortex at earlier stages of postnatal
development.

The transfer of metabolic substrates across the
BBB was not impaired by low-dose lead treatment
in any of the brain regions examined. These findings
support previous observations in whole brain [29, 30]
using the intracarotid bolus injection technique [53].
Inhibition of glucose transport following lead treat-
ment has been demonstrated in vitro, using isolated
rat brain microvessels [54] and cultured endothelial
cell monolayers [55]. However, these findings have
not been substantiated in vivo, either by the present
study, or by previous work [29]. The reason for this
disparity in results is at present unknown.

The instances of increased uptake of metabolites
in some brain regions may be due to selective alter-
ations in cerebral metabolism induced by the lead
treatment. Evidence from studies on some essential
substrates (ketone bodies, glucose, amino acids)
indicates a close coupling between cerebral metab-
olism and transport at the BBB [21 for review]. Thus
the observed increases in PS-product may reflect
lead-induced differences in region-specific demand
for these substances. Cortical regions, notably the
frontal cortex, showed the most significant
differences. The changes may indicate a biochemical
lesion or altered substrate utilization associated with
repair processes, although to our knowledge, the
frontal cortex has not been identified histopatho-
logically as a target for lead. If not attributable to
these processes, it is possible that the lead treatment
delayed maturation of the developing brain by a
mechanism unrelated to the nutritional status of the
animals [43]. Brain uptake rates of many amino acids
and other essential substrates are high soon after
birth and fall progressively during the first few weeks
of life [27, 56-58]. These transport modulations are
thought to signify a fall-off in tissue demand as
maturation proceeds. Thus a lead-induced delay in
maturation might, in susceptible regions, extend the
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period during which tissue substrate requirements
remain high.

Finally this study shows that with appropriate

modifications, the in situ brain perfusion technique
[36] can be used to investigate developmental aspects
of BBB function.
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