
Medical Therapies for Mood Disorders Alter the 
Blood-Brain Barrier 

Abstract. The effects of amitriptyline, lithium, and electroconvulsive shock on 
cerebral permeability and blood flow were tested. These three treatments share in 
common (i) the ability to influence the functional activity of central adrenergic 
neurons by way of effects on the release, reuptake, or metabolism of norepinephrine 
and (ii) therapeutic e j icacy in mood disturbances. Under control conditions, 
cerebral permeability increases linearly with increasing arterial partial pressure of 
carbon dioxide and hence cerebral blood flow. All three treatments altered this 
relationship in a manner consistent with their adrenergic effects.  Amitriptyline 
potentiated this increase in cerebral permeability whereas lithium and electrocon- 
vulsive shock blunted this phenomenon. These results support the hypothesis that 
one function of central adrenergic neurons is regulation of the blood-brain barrier 
and raise the possibility that a related effect may underlie the clinical usefulness of 
such treatments. 

Central adrenergic neurons have been 
the focus of extensive research in the 
neurosciences and psychiatry. Despite 
being implicated in a wide range of com- 
plex behaviorial phenomena (for exam- 
ple, appetite, sleep, memory, mood dis- 
orders), controversy surrounds what 
central functions they normally sub- 
sume. According to the central adrener- 
gic vasoregulatory hypothesis, one func- 
tion of these neurons is the regulation of 
blood-brain barrier permeability and ce- 
rebral blood flow (CBF). A link between 
this hypothesis and the catecholamine 
theory of mood disorders has been sug- 
gested by the finding in laboratory ani- 
mals that tricyclic antidepressants alter 
the blood-brain barrier, increasing the 
diffusion of compounds such as water 
and ethanol into the brain (I). The cate- 
cholaminergic actions of these drugs ap- 
parently mediate this cerebrovascular ef- 
fect ( 2 ) ,  just as they are presumed to 
underlie the antidepressant effects of 
these drugs. 

To further test this vasoregulatory hy- 
pothesis, we examined the cerebrovas- 
cular effects of electroconvulsive shock 
(ECS) and lithium in rats. Unlike tricy- 
clic antidepressants, lithium and ECS 
attenuate the actions of central adrener- 
gic neurons. On the basis of their central 
adrenergic effects, we correctly predict- 
ed that these two treatments would also 
alter the blood-brain barrier but in a 
manner different from that of the tricy- 
clic antidepressants. The findings report- 
ed here support the central adrenergic 
vasoregulatory hypothesis. Moreover, 
they suggest that a common mechanism 
may exist to explain the parallel between 
the differential therapeutic efficacy of 
these treatments in affective disorders 
and their effects on the cerebromicrovas- 
culature. 

A double-labeling technique was used 
to measure the extraction of water, E,. 
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Water is diffusion-limited across the 
blood-brain barrier, whereas butanol is 
freely permeable (3). The E, was deter- 
mined by comparing the incomplete ex- 
traction of 3H20 to the complete extrac- 
tion of [14C]butanol, according to the 
equation 

For all of the experiments we used 
Sprague-Dawley male rats (250 to 300 g). 
After initial anesthesia was induced by 
chloroform, a tracheotomy was per- 
formed. The animals were then para- 
lyzed by d-tubocurarine. Anesthesia and 
respiration were maintained by means of 
a Harvard small animal respirator to 
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Fig. 1. Relation between the effective perme- 
ability of water across the blood-brain barrier 
(PS) and cerebral blood flow (CBF). The CBF 
was manipulated by varying respirator rates, 
producing arterial PC02 ranging from 18 to 55 
mmHg. Arterial PO2 was maintained constant 
for all subjects. Each point represents simul- 
taneously measured PS and CBF from an 
individual animal. Under control conditions, 
PS increases linearly with CBF (r = .98, 
P < .001). No regional differences were ob- 
served. The data shown are based on total 
forebrain values (that is, diencephalon and 
telencephalon). 

deliver a mixture of 66 percent nitrous 
oxide and 34 percent oxygen, controlled 
by a small-volume gas mixer (Aalborg 
Instruments). Since the animals were 
mechanically ventilated, blood gases and 
pH values were a function of the ventila- 
tor settings and the gas mixture. Stroke 
volume was kept at 3.5 ml, but respira- 
tory rate varied from 35 to 60 per minute. 
Blood gases were monitored in all the 
animals. The mean value ( t  standard 
error) for the arterial pressure of oxygen, 
P,02, was 130 t 6 mmHg. The pH and 
PaC02 ranged from 7.18 to 7.5 1 and 16 to 
55 mmHg, respectively. Body tempera- 
ture was maintained at 37' r 0.5"C by 
means of a rectal thermistor and electric 
lamp. The right femoral artery and vein 
were catheterized in all the rats to permit 
arterial sampling, tracer administration, 
and arterial blood pressure monitoring. 

For these experiments, a bolus con- 
taining 3 ~ 2 0  and [14C]butanol was in- 
jected in the femoral vein. After one 
complete cerebral transit time (10 sec- 
onds), the animals were killed by decapi- 
tation and the brain was removed. The 
brains were divided into the following 
regions by freehand dissection: rostral 
telencephalon, caudal telencephalon, di- 
encephalon, cerebellum, and medulla- 
pons. These regions were dissolved in a 
tissue solubilizer (Protosol) and counted 
by standard dual-label scintillation tech- 
niques. An arterial blood sample provid- 
ed the reference ratio that was used as 
the denominator in Eq. 1. The details of 
the method have been reported (1). 

Cerebral blood flow was measured by 
withdrawing, at a uniform and predeter- 
mined rate, an arterial blood sample 
from a femoral catheter (4). This sample 
was obtained from 1 second prior to the 
injection of the tracer bolus until decapi- 
tation. This arterial sample was prepared 
and counted in the same manner as the 
brain samples. The CBF was then deter- 
mined according to the equation 

CBF = 
([14Clbutanol)b~ain 
(['4Clb~tanol)b~ood 

sampling rate ( 2 )  

This method has been validated by 
comparing its results to those obtained 
when CBF is measured simultaneously 
in the same animal by microsphere tech- 
niques and by physiologically altering 
CBF by C02  administration (4). 

The amount of a diffusion-limited trac- 
er, such as water, which will cross the 
blood-brain barrier after a single circula- 
tion through the cerebral capillary bed is 
determined by three variables: (i) the 
permeability coefficient of the substance 
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(P), (ii) the surface area of the capillary 
(S), and (iii) CBF. The effective perme- 
ability (PS) of water is mathematically 
related to E, and CBF. After E, and 
CBF were measured, P S  was calculated 
according to the equation derived from 
Renkin and Crone (5) 

PS  = - ln(1 - E,) . CBF 

Amitriptyline (17.5 mgikg) was admin- 
istered intraperitoneally to 12 rats. E, 
and CBF were measured 15 minutes af- 
ter drug administration. This dose and 
time were based upon our previous stud- 
ies (1). Lithium chloride (1.6 mEqikg) 
was administered intraperitoneally to 12 
rats. E, and CBF were measured 60 
minutes after drug administration. After 
the animals were decapitated, trunk 
blood was obtained and assayed for lithi- 
um by means of flame ionization. Mean 
serum concentration (+ standard error) 
was 1.49 + .26 mEq1liter. The therapeu- 
tic range in man is 0.8 to 1.5 mEqiliter. 

Twelve rats received a single ECS 
treatment consisting of a 1-second stimu- 
lus of 65 mA delivered by way of ear 

clips (6). The ECS treatments were first 
tested on nonparalyzed animals to en- 
sure that they induced seizures. To test 
the effect of ECS on the blood-brain 
barrier, the treatments were given after 
the animal had been paralyzed and 
placed on the respirator. E, and CBF 
were measured 15 minutes after ECS 
administration. There was no change in 
blood pressure or gases as a result of the 
ECS. An additional six animals received 
a course of one ECS treatment per day 
for 8 days. E, and CBF were measured 
15 minutes after their last treatment. A 
standard course of ECS for treatment of 
affective illness consists of six to ten 
treatments. 

There were no group differences in 
E,, CBF, or P S  among the three control 
groups run concomitantly with each of 
the three studies. The results were there- 
fore pooled to give a cumulative control 
group of 12 subjects. Under control con- 
ditions, P S  was linearly related to CBF 
(Fig. 1). This finding replicates previous 
work in this laboratory demonstrating 
that PS  increases with increasing P,C02 
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V) C Fig. 2. Relation between PS and CRF after 
n 5 -  treatment of rats with (A) ECS, (R) lithium, or  

(C) amitriptyline. The solid line represents the 
line of best fit for experimental results and the 

/ dashed line, the control data presented in Fig. 
, 1. The correlation coefficients for the amitrip- 

tyline, lithium, and ECS results are .96. .97. 
and .83, respectively ( P  < ,001 for each treat- 
ment). Each experimental line of best fit dif- 
fered from the control ( P  < .001) as deter- 
mined by analysis of covariance. The inter- 

----  - -  cont ro l  cepts for each differed from the control 
( P  < .001) as determined by Student's t-test 

Treated after we established the confidence limits for 
the control intercept. No regional differences 

I in the effects of any of these three treatments 
0 1.0 2.0 3.0 4.0 5.0 were observed, replicating our previous find- 

ings in the case of amitriptyline~(l). The data 
CBF (mllg-min) shown here are based on total forebrain val- 

ues (that is, pooled results from diencephalon and rostra1 and caudal telencephalon). Long-term 
treatment with ECS-one treatment daily for eight consecutive days-did not alter the effects of 
acute ECS treatment. Essentially the same linear regression equation was obtained from six 
animals whose PS and C B F  were measured 15 minutes after their eighth ECS treatment as from 
animals who received only a single ECS treatment: y = 0 . 5 1 ~  + 1.28 and y = 0 . 4 7 ~  + 1.20, 
respectively. The correlation coefficient for the results of long-term treatment was .85 
( P  < ,001). Again, the effect was generalized and no regional differences were observed. These 
ECS results are similar to our previous findings with amitriptyline showing that the effect on the 
blood-brain barrier persists when long-term treatment patterned after the clinical situation is 
given ( I ) .  

and hence with increasing CBF (4). This 
observation suggests that the brain has 
two mechanisms for ensuring fluid bal- 
ance-regulation of brain permeability 
and of CBF. 

All three treatments altered this PS  
versus CBF relationship (Fig. 2). Ami- 
triptyline augmented the increase in PS  
observed normally at higher CBF. Ac- 
cording to one theory concerning their 
mode of action, tricyclic antidepressants 
increase the concentration and hence the 
postsynaptic effect of norepinephrine by 
blocking its reuptake into neurons. Pre- 
vious work suggests that one function of 
the central adrenergic system is regula- 
tion of blood-brain barrier permeability 
and CBF (I, 2). The current results are 
compatible with both theories. Amitrip- 
tyline appears to potentiate the tonic 
influences of a neural system that func- 
tions, at least in part, to adjust barrier 
permeability for metabolic-induced 
changes in CBF. In related work, we 
have blocked the amitriptyline effect by 
ablating central adrenergic neurons or by 
giving central adrenergic antagonists (7). 

Both lithium and ECS produced 
changes in the opposite direction, that is, 
blunted PS  response to increased CBF. 
Lithium retards the liberation of norepi- 
nephrine from adrenergic neurons and 
enhances its reuptake (8). Both actions 
would reduce postsynaptic norepineph- 
rine concentration. Knowledge of the 
effects of ECS on central adrenergic neu- 
rons is more limited. However, ECS is 
reported to depress central levels of nor- 
epinephrine, enhancing its conversion to 
normetanephrine within 10 to 15 minutes 
of a single treatment (5). Both lithium 
and ECS treatment should, therefore, 
blunt the actions of central adrenergic 
neurons. The results are consistent with 
the amitriptyline findings and the adren- 
ergic vasoregulatory hypothesis. 

There is an intriguing parallel between 
the differential therapeutic effects of 
these treatments and their effects on the 
blood-brain barrier. All these treatments 
are useful in treating depression. In ma- 
nia. both ECS and lithium are effica- 
cious, whereas tricyclic antidepressants 
aggravate the condition. Other workers 
have reported a reduction of CBF in 
depressed patients and increased CBF in 
manic patients (9). In the studies report- 
ed here, all three treatments produced an 
increase in P S  at low CBF (Fig. 2). At 
high CBF, ECS and lithium blunted the 
increase in P S  normally seen, whereas 
amitriptyline continued to potentiate this 
response (Fig. 2). All three treatments 
were given in a manner directly analo- 
gous to the clinical situation. With regard 
to amitriptyline, our previous work has 
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shown that this effect (i) occurs at con- 
centrations similar to those found to be 
therapeutic in patients, (ii) occurs in pri- 
mates as well as rodents. and (iii) is 
transient, lasting less than an hour after a 
single administration but can be sus- 
tained more than 12 hours with long-term 
treatment similar to that needed for anti- 
depressant response. 

These results have both basic and clin- 
ical implications. First, three quite dif- 
ferent treatments, all capable of altering 
central adrenergic neurons, alter cere- 
bral fluid dynamics. Second, they have 
heuristic value, bringing together two 
discrete hypotheses: the catecholamine 
theorv of affective illness and the central 
adrenergic vasoregulatory hypothesis 
proposed by Hartman and colleagues (2). 
This report indicates that the blood-brain 
barrier is under the influence of the cen- 
tral adrenergic system and suggests that 
such homeostatic regulation may be in- 
volved in the pathophysiology of affec- 
tive illness. What exactly is altered (for 
example, brain water, ions, substrates) 
of importance to these illnesses remains 
to be defined. However, the failure of 
such a neurohumoral system capable of 
tonically influencing other cerebral tis- 
sue and cerebral homeostasis could ex- 
plain how the global functional impair- 
ment-that is, mood alterations, cogni- 
tive and psychomotor changes, and dis- 
turbances of sleep, appetite, and 
energy-seen in affective disorders 
could occur and yet fully remit without 
residual cerebral tissue pathology. 
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Possible Adaptive Value of Water Exchanges in 
Flexible-Shelled Eggs of Turtles 

Abstract. Use of energy reserves by embryo3 of common snapping turtles 
(Chelydra serpentina) is related to the hydric conditions to which eggs are exposed 
during incubation and to the net exchanges of water throrrgh the eggshells. Embryos 
developing inside eggs with a relatively favorable Mater balance use more of their 
energy reserves metabolically and grow larger before hatching than embryos inside 
eggs with less favorable water exchanges. 

Both laboratory studies ( 1 4 )  and field 
studies (5) indicate that the flexible- 
shelled eggs of many species of turtles 
exchange water with surrounding air and 
soil, but there is no consensus concern- 
ing the significance of this phenomenon 
(6). We report that the use of energy 
reserves by embryos of common snap- 
ping turtles (Chelydra serpentina) is re- 
lated to the net exchange of water in 
incubating eggs and that hatchlings from 
eggs incubated in favorable hydric condi- 
tions are larger than turtles hatching 
from eggs incubated in less favorable 
settings. Because survival of young of 
other species of turtles is positively cor- 
related with body size (7), the exchanges 
of water experienced by flexible-shelled 
eggs of turtles during natural incubation 
may have adaptive significance. 

Eggs collected from two fresh nests (8) 
were incubated in covered containers at 
29°C. Inside the containers, randomly 
selected eggs from both clutches were 
either half-buried in substrates, where 
water potentials were -130, -375, or 
-610 kilopascals (kPa) (2), or incubated 
on wire platforms above the substrates 
(9). Egg mass was measured on day 1 of 
incubation and then weekly through day 
50; hatching began on day 56 (8). Small 
amounts of water were added to the 
substrates twice weekly to maintain rela- 
tively constant water potentials (2). 

Changes in egg mass were similar to 
those reported for eggs of painted turtles 
(Chrysemys picta) (2). Eggs in the sub- 
strates generally increased in mass dur- 
ing the first half of incubation (indicating 
that eggs experienced net water absorp- 
tion) and decreased in mass during the 
becond half (indicating that eggs experi- 
enced net water loss). Eggs on the plat- 

forms generally experienced only small 
changes in mass during the first half of 
incubation and large declines in mass 
during later stages of development. The 
overall change in egg mass between days 
1 and 50, which can be used as an index 
to hydric balance, was related both to 
the water potentials in the substrates and 
to placement of eggs on platforms or in 
substrates (Table 1). 

After hatching, measurements were 
taken of the live mass, carapace length, 
carapace width, and head width of young 
turtles (Table 1). The hatchlings were 
frozen and their carcasses, including 
residual yolk withdrawn into the abdomi- 
nal cavity before hatching, were dried to 
constant mass at 60°C (Table 1). Because 
none of these measures of mass or linear 
dimension is necessarily a reliable index 
to size (lo), we submitted the data to a 
principal components analysis and gen- 
erated a size index for each hatchling 
that summarized the variation in all of 
the measured variables (10, 11). The 
original data and the computed size indi- 
ces were then examined by separate two- 
way analyses of covariance (12); sub- 
strate water potential and placement of 
eggs in substrates or on platforms were 
the fixed factors, and egg mass on day 1 
was a covariate (13). The covariate was 
used to reduce variation in the data stem- 
ming from differences in the size of the 
eggs in which the turtles developed (2,3,  
9). 

Live mass, linear dimensions, and size 
indices for hatchlings that emerged from 
eggs incubated in contact with the sub- 
strate were invariably larger than compa- 
rable values recorded for turtles hatched 
from eggs incubated on wire platforms in 
the same containers (P 5 .001) (Table 1 
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