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Speculation 
The r e l a t i v e  absence of apparent brain volume regulat ion i n  response t o  

acute water loads in  the newborn i n  comparison t o  the adu l t  i s  due t o  mechanical 
f ac to r s ,  namely the more compliant newborn skul l .  The more compliant sku l l  
allows a greater  increase in  in t r ac ran ia l  volume before in t r ac ran ia l  pressure 
values a r e  reached t h a t  a r e  c r i t i c a l  f o r  pressure-dependent brain volume regula- 
tory processes, e.g. bulk flow l o s s  of brain ecf and CSF v ia  arachnoid v i l l i .  

Introduction 

In an e a r l i e r  study (17) .  we observed t h a t  newborn puppies ( 1  - 3 days of 
age) had no apparent brain volume regulat ion when undergoing 3 h of d i lu t iona l  
hyponatremia. Intraperi toneal  in j ec t ion  of a water load a t  a dose of 12% body 
weight resul ted i n  proport ional  changes in  plasma and brain water content with- 
out  changes in  brain ion content. These r e s u l t s  d i f f e r  considerably from those 
obtained in  adu l t  mamals exposed f o r  s imilar  time periods t o  s imilar  s t r e s s  
l eve l s  (1, 2, 3, 7, 13,  16 ) .  The primary goal of the  s tud ies  reported i n  t h i s  
paper i s  t o  determine i f  t he  lack of brain volume regulat ion i s  absolute o r  i f ,  
with g rea te r  degrees of s t r e s s ,  brain volume regulat ion w i l l  occur, i . e . ,  the 
increase in  brain water content wi l l  be l e s s  than proportional t o  t h a t  i n  plasma 
and wi l l  be associated with changes i n  brain ion content. 

A secondary goal is t o  evaluate  the possible  mechanical ro le  of the r i g i d  
cranium in  the volume regulatory response of the  brain t o  hyposmotic s t r e s s .  In 
the newborn puppy a s  i n  many o the r  newborn mammals, the sku l l  is l e s s  r i g i d  due 
t o  the  presence of unclosed sutures  and fontanel les .  I f  mechanical f ac to r s  due 
t o  brain w e l l i n g  within the r i g i d  cranium a re  r e l a t ed  t o  the  cerebral  volume 
regulat ing ionic response t o  water loading, i n  the puppy with a more compliant 
cranium grea te r  degrees of brain swelling w i l l  be necessary t o  ac t iva te  these 
responses. Stated a s  a hypothesis, a s  progressively g rea te r  degrees of hypos- 
motic s t r e s s  a r e  applied i n  the  puppy, brain water content wi l l  increase pro- 
port ionately u n t i l  some c r i t i c a l  mechanical l i m i t  i s  reached. At t h i s  point  
fu r the r  s t r e s s  w i l l  no longer r e s u l t  i n  proport ional  changes i n  brain swelling 
and brain ion loss  w i l l  begin t o  occur. The experimental design is t o  produce 
d i f f e r e n t  degrees of hyposmotic s t r e s s  i n  newborn puppies and evaluate brain 
water and ion content a t  3 h and in t r ac ran ia l  pressure during the duration of 
the  experiment. 

Methods 

Both mongrel and purebred beagle dogs were used fo r  t h i s  study. Pregnant 
beagle dogs, purchased from Marshall Research Animals, North Rose, NY, were 
shipped to Hanover, NH two wks o r  more before the estimated del ivery date. 
Pregnant mongrel dogs were obtained from a loca l  animal supplier. The dogs were 
housed, fed,  and cared fo r  i n  the animal research f a c i l i t y  a t  Dartmouth Medical 
School. After normal vaginal del ivery,  the experiments were performed on ten 
puppies greater  than 6 h but  l e s s  than 3 days of age, taken from four separate 
l i t t e r s .  

The general experimental s t rategy was t o  measure brain water content, 
i n t r ac ran ia l  pressure,  and brain ion content of unanesthetized puppies exposed 
t o  3 h of d i lu t iona l  hyponatremia of d i f f e ren t  degrees produced by in te rpe r i -  
toneal in j ec t ion  of d i s t i l l e d  water. Two puppies received in jec t ions  of a 
control d i a lysa te  (17). one being 10 m1/100 g body wt (10%) and the  other  being 
15 ml/loo g body wt (15%). The d i s t i l l e d  water in j ec t ions  were a t  dosea of 
5%. 10%. 15%, and 18% of body weight with each dose given t o  two puppies. Doses 
g rea te r  than 18% of body weight r e su l t ed  i n  death of puppy. The in jec t ions  were 
given a f t e r  recovery from anesthesia and implantation of a r t e r i a l ,  venous and 
l a t e r a l  cerebral  ven t r i cu la r  cannulae. 

Surgical  anesthesia was induced using 3% halothane i n  oxygen del ivered v ia  
a small rubber cone t h a t  f i t  snugly over the nose and mouth of the puppy. The 
puppy was intubated using polyethylene tubing and the anesthet ic  mixture switched 
t o  1.0% halothane, 65% n i t rous  oxide, and 34% oxygen. The femoral a r t e ry  and 
vein were cannulated and a r t e r i a l  and cen t ra l  venous pressures  were monitored 
using Statham pressure transducers and a Grass Instrument, Co., Polygraph. The 
puppy was placed i n  a small animal head holder and a midline scalp incis ion 
made. Five mil l imeters  l a t e r a l  t o  the  sagg i t a l  suture and 5 mm poster ior  t o  the 
coronal suture,  a small hole was careful ly made i n  the sku l l  with a dental  d r i l l .  
A 22 gauge blunt  needle connected t o  a Statham pressure gauge via  sa l ine  f i l l e d  
polyethylene tubing was lowered in to  the  l a t e r a l  ven t r i c l e .  Proper placement of 
the  cannula was determined by visual izat ion of va r i a t ions  i n  the in t r ac ran ia l  
pressure record due t o  r e sp i ra to ry  and cardiac e f fec t s .  The cannula was then 
f ixed i n  place on the sku l l  using a dental  ac ry l i c  cement. The endotracheal 
tube was removed and the  animal allowed t o  recover from anesthesia f o r  30 min. 
The induction of anesthesia  and the  intubation took 10 - 20 min and the surgery 
60 - 90 min. After  recovery, control  values of a r t e r i a l ,  cen t ra l  venous, and 
in t r ac ran ia l  pressure were obtained i n  unanesthetized puppies breathing room a i r .  
Ar te r i a l  blood was obtained and pH, P02, and PC02 measured on 150 U1 of blood 
using a Radiometer EMS 3 MK2 microsystem maintained a t  37.5 deg C. The body 
temperature of the puppies was maintained a t  t h i s  temperature using a Yellow 
Springs Instrument Proportional Temperature Control ler  with a small r e c t a l  probe 
a s  the temperature sensor and an infrared lamp a s  the heat  source. The Radio- 
meter pH electrode was ca l ib ra ted  with precis ion buffers ,  and the 02 and CO2 
electrodes with gas mixtures of known content determined by analysis  with Scho- 
lander Apparatus. Plasma bicarbonate was calculated using appropriate constants  
f o r  pK' and S (19). A separate 250 p1 a l iquo t  of blood was centrifuged h e d i -  
a t e l y  and the plasma used fo r  measurement of sodium and potassium by an IL43 
flame photometer, chloride by Radiometer chloride t i t r a t o r  and osmolality by a 
Wescor osmometer. 

After these control  samples t h e  puppy received its intraperi toneal  injec-  
t ion.  Blood, cen t ra l  venous and i n t r a c r a n i a l p r e s s u r e s  were measured and re-  
corded a t  5-min in te rva l s  over the subsequent 3-h duration of the experiment. 
At 1 h the a r t e r i a l  blood gas and pH measurements were repeated and a t  3 h the 
blood gas,  pH, plasma e lec t ro ly te  and osmolality measurements were repeated. 
The puppies were injected intravenously with sodium pentobarbi tal  (50 mgmskg 
body weight) and the  whole brain was immediately removed by incis ing the c ran ia l  
sutures. The brain was spread open by making two transverse incis ions from 
above. one in  the b i sagg i t a l  plane,  the other  i n  the  f ron ta l  plane. The brain 
surfaces were gent ly b lo t t ed  and the  brain weighed imwdiately.  The t i s sue  was 
dried t o  constant weight a t  95 deg C and brain water content calculated from 
the wet and dry weights. The dried t i s sue  was digested i n  0.78 N HN03 and the 
f l u i d  analyzed fo r  sodium, potassium and chloride content. 

ehese beagle and mongrel newborn pupples were healthy and provrded a s t ab le  
preparation f o r  study. The mean S . D .  body werght of the 10 puppres was 470 
t109 g wlth a range of 334 - 628 g. The l n d i v ~ d u a l  control  and 3-h values of 
a r t e r r a l  blood pressure,  blood pH, blood gases,  e l ec t ro ly tes  and osno la l l ty  fo r  
each of the t en  pupples m t h l s  study a r e  shown m Table 1. The control  values 
were m the  range of values t h a t  we and o the r s  have obtarned m puppies 1 - 3 
days of age (11, 12, 15,  18. 19, 24). The mlec t lon  of the mock plasma "control" 
d ia lysa te  a t  10% and 155 o f  bo& weight (puppies L q d  2) had less than a 3% 
e f f e c t  on plasma osmolallty o r  e l ec t ro ly te  values whereas in3ection of d l s t ~ l l e d  
water In rncreaslng doses produced progress=ve changes m plasma osmolallty and 
sod~um and c h l o r ~ d e  concentration (puppres 3 - l o ) .  

Plasma sodium and chloride concentration changes r e f l ec ted  the  osmotic 
events. The l inea r  regression relat ionship between the 3-h p l a s m  sodium and 
osmolality values of a l l  t en  puppies was plasma [ ~ a + l  = 0.48 plasma osmolality 
-2.9, r = 0.93, whereas t h a t  f o r  chloride was plasma [Cl-I = -0.40 plasma 
osmolality -14.6, r = 0.95. The plasma potassium concentration increased i n  a l l  
animals during the 3-h experimental period ranging from 4.2 t o  4.7 mmole/liter 
in  8 animals and increasing t o  7.6 and 8.3 mmole/liter in  2 animals. In the s i x  
most severely s t r e s sed  animals, puppies 5 - 10, the re  was a tendency f o r  the 
development of a metabolic acidosis .  This ac idos i s  was mild i n  puppies 5, 7, 8, 
and 9 and more severe in  puppies 6 and 10 with plasma bicarbonate concentrations 
a t  3 h compared with control  being decreased 11.1 and 16.6 mmole/liter. Puppies 
6 and 10, with the l a rge r  changes i n  plasma bicarbonate, had the more severe 
elevat ions in  plasma potassium. 

The changes in PaC02 and Pa02 i n  the 10 puppies during the course of the  
experiment were qu i t e  variable ,  ranging from +20 t o  -29 mmHg f o r  PaCO2 and +31 
t o  -23 mmHg f o r  Pa02. The two most acidot ic  animals had the lowest PC02 values. 
k t e r i a l  pH decreased i n  7 of the 8 water-loaded puppies with the range of the 
f i n a l  values being 7.020 t o  7.370. Mean a r t e r i a l  blood pressure a l so  showed a 
tendency i n  some animals t o  decrease during the 3-h water loading experiment 
although the blood pressure changes were variable .  

The brain water and ionic content and CSF pressure of the control  a n n a l s  
and i n  response t o  progressive water loading i n  the  experimental animals are shown 
i n  Table 2 and Figures 1-3. The brain water content expressed a s  ml water per  
g dry brain wt (Fig. 1 )  increased progressively with the increase i n  plasma 
water a s  indicated by plasma osmolality (Table 2) o r  the % decrease i n  plasma 
osmolality (Fig. 1 ) .  For up t o  a 12% decrease i n  plasma osno la l i ty  the increase 
i n  brain water content was qu i t e  close t o  the  l i n e  represent ing a proportional 
response. The brain water content of the puppies with decreases of p l a s m  osmo- 
l a l i t y  g rea te r  than 15% were well t o  the r i g h t  of the proport ional i ty  l i n e ,  a 
response consis tent  with t h e  idea t h a t  the re  i s  some threshold value of water- 
loading s t r e s s  beyond which some apparent brain volume regulat ion does take 
place. It i s  important t o  note t h a t  attempts i n  two puppies t o  induce changes 
i n  plasma osmolality of g rea te r  than 18% resu l t ed  i n  death of the puppy within 
the  f i r s t  2 h of the  protocol. Unfortunately we d id  not  measure brain water o r  
ionic content i n  these puppies. 

The brain sodium, chloride,  and potassium ion responses a r e  shown i n  Table 
2 and i n  Figure 2 expressed as meq i o n k g  kg brain wt versus the % decrease i n  
Plasma osmolality. Brain sodium and chloride content did decrease a s  the water 
loading s t r e s s  was increased (Table 2 and Fig. 2) .  The slopes of the  l inea r  
regression of the relat ionships i n  Figure 2 fo r  sodium and chloride d i f f e red  
from the n u l l  hypothesis of a slope = 0 a t  a confidence l eve l  of P < 0.03 fo r  
sodium and P < 0.001 f o r  chloride. Brain potassium content did not decrease 
s ign i f i can t ly  (Table 2 and Fig. 2). 

The response of CSF pressure measured i n  the r i g h t  l a t e r a l  cerebral  ven- 
t r i c l e  during the 3-h duration of the experiment i s  shown i n  Figure 3. With 
increasing water loads there is a progressive increase i n  peak CSF pressure,  i n  
the  CSF pressure l eve l s  during the postpeak decl ine,  and i n  the t o t a l  pressure- 
time integral .  The time t o  peak pressure was approximately the same i n  each 
case,  40-45 min. The relat ionship of peak CSF pressure t o  the  % decrease i n  
plasma osno la l i ty  was l inea r ,  y = 8 . 6 9 ~  + 85.9, r = 0.96. The relat ionship 
of mean CSF pressure t o  the  % decrease i n  plasma osno la l i ty  was a l s o  l inea r ,  
y = 5 . 3 ~  + 69.1, r = 0.97. 

Discussion 

The i n i t i a l  control  mean blood pressure, plasma e lec t ro ly te ,  and osmolality 
values of the ten  unanesthetized puppies of t h i s  study, breathing room a i r ,  
agree qu i t e  closely with previously published values obtained i n  unanesthetized 
o r  l i g h t l y  anesthetized newborn puppies (11, 12, 15, 18, 19,  24). The in t r a -  
peri toneal  in j ec t ion  of d i s t i l l e d  water a t  doses of 5 1 8 %  of body w t  produced 
the  desired e f f e c t s  on plasma osmolality and e lec t ro ly tes  bu t  a l so  appeared t o  
a l t e r ,  i n  some animals, blood pressure and acid-base balance. There was a ten- 
dency f o r  the  plasma bicarbonate concentration and the  mean blood pressure t o  
decrease in  some of the  severely water loaded animals. We were unable t o  demon- 
s t r a t e  a s t a t i s t i c a l l y  s ign i f i can t  dose-response r e l a t ionsh ip  between the f a l l  
i n  plasma osmolality and the  degree of acidosis  o r  hypotension. The two most 
severely ac ido t i c  and hypotensive puppies, 6 and 10, did no t  have the most 
severe degree of hyposmolality (Table 2 ) ;  however, water loads g rea te r  than 18% 
of body weight did r e s u l t  i n  severe hypotension, acidosis  and death i n  two 
puppies t h a t  a r e  not included i n  t h i s  report .  This study then e n t a i l s  the use 
of water loads t h a t  range i n t o  the s t r e s s  l eve l  t h a t  can r e s u l t  i n  hypotension 
and ac idos i s  i n  some puppies. We included a l l  puppies i n  the study t h a t  sur- 
vived the 3-h experimental period. 

The major reason fo r  t h i s  study grew out  of the observation i n  t h i s  labora- 
tory t h a t  3 h of water loading a t  a dose of 12% body weight r e s u l t s  i n  a propor- 
t iona l  change i n  plasma osno la l i ty  and in  brain water content and an absence of 
any loss  of brain sodium, chloride,  o r  potassium (17) .  Apparent b ra in  volume 
regulat ion a s  evaluated by measurement of brain water content during acute water 
loads was absent in  the  newborn puppy (17). a f inding t h a t  i s  i n  marked con t ras t  
t o  the  observations made i n  adu l t  mammals exposed t o  s imilar  degrees of water 
loading over s imilar  time periods (1, 2, 3, 7, 13, 16 ) .  In the  adu l t ,  the r a t i o  
of the f r ac t iona l  change i n  brain water content t o  the f r ac t iona l  change i n  plas-  
ma osmolality ranges from 0.37 t o  0.56 (1, 2, 3, 7, 13,  16 ) .  values f a r  below 
the value of 1.0 observed i n  the puppy (17) .  Associated with t h i s  apparent 
brain volume regulat ion the re  a r e  losses  of brain t i s sue  sodium, chloride,  and 
Potassium (1, 2, 3, 10,  13,  14,  16) t h a t  a r e  thought t o  indicate  the presence of 
ionic extrusion mechanisms involved i n  the  regulat ion of brain volume. 

In t h i s  study we used progressively g rea te r  water loads t o  evaluate  v ia  a 
dose-response approach whether o r  not  the absence of brain volume regulat ion i n  
the newborn puppy is an absolute  f a i l u r e  or  i f ,  with g rea te r  s t r e s s  l eve l s ,  some 



brain i o n l oss and associat ed vo lume regula tio n might become appare n t . With
water l oa ds up t o the level of o ur p rev i ou s study (1 2\ body wt) t he b rain water
cont e n t increased progres sive l y and in e a c h c a s e was qu i te c l ose t o the pre­
dic ted p r opo r tiona l brain water c on t e n t r e spo ns e (Fi g . 1) . The newbo r n puppy
brain in t h is range o f wa t e r l oads behaves a s a pass ive osmometer : swe l l ing i n
prop or t i on t o the osmo t i c s t ress. This is a finding that confirms ou r ear l i e r
obse rvation s . With wate r l oa d s grea t e r tha n 12\ o f body weight, howeve r , b r ain
wa t e r co ntent i nc r eased l e s s t han the propo r t i ona l respo n se pre d i ct i on . At
severe stress l eve l s some ap parent brain volume r egula t i o n doe s t a ke p l a c e al­
though even in thi s c a s e the r atio o f the f r a c t.Lcnc L change in brain wa t er co n­
ten t t o t he f rac t iona l ch ange in p la sma osmo l al i t y i s 0.65 - 0 .70, va l ue s still
higher tha n those r epor ted in adu l t; mammals , 0 .37 - 0.56.

Line a r r e g r e s s i o n a na lys i s o f the ionic responses o f t he ne wbor n puppy
brain t o t he prog r e s s i ve water l oads (Fig. 2) shows that t he r e i s no s i gnifican t
l o s s o f brain p o tassium, a predominant l y i n tracellu lar ion, but t ha t t he re is a

signi ficant c han ge from ze r o i n the s l ope o f the regressio n o f
bz-a i.n so dium an d chl oride ve r s us the degree of p la sma hyp osrnol a l i t y . Th i s ana ly­
s is Lndfcc tes tha t brain s odium and ch loride l o s s can oc c ur i n respon se to wat e r
loa d i ng in the newborn puppy e nd suggests that i t o ccurs progress i vely as p l asma
osmo lal i ty i s decreased below the no rraa I va l ue. In o ur e arl i e r s t udy we ob­
s e r ve d no sig ni f i c .:ln t change in brain tissue s od i um o r chl oride c on t ent af te r 3
h o f a wa te r l oa d o f 12\ bo dy we i gh t (17). Bu t i n this earl i e r s t udy on ly a
sma ll piece of cer ebr a l ti s su e was used for a na lysis whe r eas i n t he pre sent
work the en ti r e brain wa s a na l y ze d ; thus , par t of the differenc e between the
brain sodium a nd chloride c ha nge s i n this study compar e d to our p revious study
could r efle ct reg i o na l differences i n br a in r esponse. A second d i f fe r e nce be­
tw e e n this a rid our pre v i ous s t udy i s the pre s e nce of a c i dos is an d hypotens i on
t ha t de velope d dur ing the water load i n some c n ImaL s of thi s s't udy , The t wo
animal s wi th the most s e vere c ha nge s in pH an d b l ood pressure, p upp i e s 6 and 10,
did no t s ho w the g r eates cha nges in bra in tis sue so d ium or chl oride nor d id
the y suf fe r fren the l a r ge s t hyposrnot ic s t r e ss (Ta b l e 2). Al t hough wa te r l oa d ­
i ng c a n cau se hypot ension and a c i do s i s i n some puppies , the p resence of acidosi s
and hyp ote ns i o n do es not s e em t o e nha nc e the l o s s o f i o ns by t he b r a in i n
r e s po ns e t o the water l oa d . We c o nc l ude that wi th progressively se ve r e acute
water l oads : (1) there is a s i gnificant l os s o f b r a i n tis sue sodium and chloride
i n the newb o r n puppy ; (2) t ha t t his i on l os s is greater a s the wa t e r load i s
greater: a nd (3) t ha t this i o n l oss contribute s t o the p rocesse s that dimin i sh
the i ncrease in brain water content that oc c ur with acut e water l oads greater
than 12\ body weight. Becaus e sodium a nd c h l o r i de a r e predominan t ly ex t race llu­
l a r f l u i d ions , the e ffec t s of c hanges in b rain content o f the se ions must pre­
dominant.Ly invo lve c hanges in t h i s sp ace. It i s important to r emembe r tha t the
newbo r n in compa rison t o the ad u l t bra in has a h igh wa t e r conten t (4 ,9 , 14, 17,
19). I n respon s e t o a 12 \ wate r loa d , the ecf space of the ne wborn pu pp y i n­
c r ease s whe r eas in the ad ul t the ecf space de cre a s e s (13 , 16 , 17 ). Bo th the
inabi l i t y o f the newbor n p uppy t o show evidenc e of app a r e nt brain volume regu ­
l a t i on a t 12 \ o r lowe r wate r Le ads as wel l as t he ab i l i t y to do so a t g r e a t e r
stres s leve ls may revo l ve a r ound the regu l a t i o n of the brain ecf space .

The mechan i sms i nv olve d in the brain ecf r e sp onse to wate r l oa d i ng i n the
a d u lt a re Unknown. In ge nera l, sodIura a nd chloride coul d d i.Ef'u se o r b e trans ­
po r ted by a c a r r i e r - me d i a t e d proces s f r om bra i n to blood a c c ompanied by water ,
o r b r ain e cf could move via bulk f low i nto CSF and exi t via the CSF p r essure­
dependen t bulk flow p rocess. With respe c t t o d i f f u s i on or i on transpor t, the
no tion t ha t b lood-brain barrier funct.Lon may be immature in the newborn i s now
sub ject t o question (5 , 23) a l t ho ugh no specific blood-brain barrier s odium or
chloride effl ux mechanLsms hav e been described i n adult or newborn. The los s
of brain so d i um and chloride a t wate r load do se levels (b elow 1 2\ body wt)
which a re assoc i a t ed with increases in brain water con t e n t t ha t a re p ropor t ional
t o the wa ter l oad , is consistent wi th d i ffusiona l or c a r r i e r - med i a t e d ion l oss
not asso c i a t e d with water. Bulk f low of b rain ecf in the a du l t ha s be e n demon­
s trated (6 , 21 ) , a p r ocess that i s e nhanced by osmo tic s t ress (21, 25) and is
t hou gh t to be invol ve d i n the resol u t ion of va sogenic br ain e dema (2 0 ) . I n the
newborn brain with an ecf space roughl y t wi c e that of the adul t (9 , 17) it is
rea son ab l e to pre sume tha t e c f bu l k fl ow mi gh t be pr ominent . Al t hough we can
mak e no fi r m conc l us ion from c ur da t a conc e r n i ng the mechani sm o f br ain sod i um
a nd chloride loss in the severely wat e r - loaded puppy , ana l ysis of the CSF pres­
sure responses (F ig . 3) togethe r with the brain vo l ume change s i s o f i nterest in
re sp e c t t o the po s sibility of bulk flow bra i n ecf loss v i a CSF .

The CSF p r essure in puppie s increased t o hig he r pe a k. and s usta ined va lues
a s the water l oad do s e i ncreased (Fig. 3). Th e pe ak pressure occur r e d bet ween
40- 50 min a t e ach dose , t he CSF pressure t he n g radua l ly de c lined . The pe a k
hydrostat ic p r e s s ur e leve l s at t ained are at l ea st a n or de r o f magn itude too
smal l t o o f fse t the osmotic f orces present with t he wate r load but a r e sufficient
t o i ncrea se bu l k flow CSF l o s s via normal CSF drainage pathways . I n Figure 1
we ha ve sho wn that at wa t er l oa d s up to 12\ o f body we i ght the respon s e o f brain
water conten t is predictable by t he osmotic grad i en t and appears t o be passive .
In th i s s t r ess range, brain water c on tent can in c rea se no f urthe r and it is
reasonab le t o presume that t he i nc rease has occu r r e d wi thin the f i r s t 40- 50 rai.n
i n c lose associ a t i o n wi th the peak CSF p r e s su r e . After t his t ime , CSF p r e ssur e
de c l i ne s wherea s bra i n water conte n t stay s the s ame, a result t ha t i nd icat es
ei t he r a decreas e in t he si ze of the CSF or blood. compar tme nt o r an i nc rea s e i n
t he i n tracrania l complia nc e . If a t these l owe r water l oa d level s some l a r ge
cavity CSF is los t (an event whi ch wo uld no t a f f e c t our tis sue ion me a sureme nts)
the n with greater str e s s, greate r l a r ge cavity CSF loss could a lso be a s soc i a t ed
wi th bra in ecf los s via a bulk flow mec ha n i sm. It is pu zzling, however , why
s ome bra in ecf l oss i s not l o st v ia this me cha ni sm even at the l o......er s t r e s s
level s g i ve n the l arge ecf sp ece in the ne wborn brain wh ich is contiguous with
t he l a r ge cav ity CSF s paces. It may be that bu lk flow l o s s o f br a in e c f v i a t he
CSF req u i res i ntracrani.:l l prc s r.ure leve ls produced only by hi g h dos e wa ter loa ds
in newb orn animal s . An analysi s o f i nt r a c r a n i al p ressure gradient s a t d ifferent
water l oa d s in animals with rigid and non- r i g id skulls would he lp t o answer th i s
quest i o n. An a l t e rna t ive t o t his mechanical explanation is that h i gh e r water
l oa d do s es coul d also a lter i on ic diffusio n or t r anspor t p r oce s s e s a t the blood
bra in ba r r i e r .

The r e su lts o f t h i s stud y mod i f y on ly slightly the conclusio n s o f o ur e a r­
lier work . The newborn puppy is capable o f s howing s o:ne a ppa r e n t brain vo Iuee
regula tio n in a c ute dilu tio nal hyponatr emi a . The r e gula t i o n is du e t o l oss of
sod ium and c h l or i de bu t no t po t ass ium an d occurs o n l y a t r ather severe s tre s s
leve l s . Whether t h is les s t ha n aduLte Li ke regula tion is harmf u l t o t he anima l
or whether bet t e r requ l .at Ion occur s with more chr onic stress rema in s to be seen.
It i s co nc e i va b l e that t he grea t e r increas e s in b rain ecf volume in the wate r
l oa de d pup py do little damage to ne ur onal f unction until some cr i tical intr a ­
cranial p ressur e is reac he d .
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Table I. I n i t i a l  control  and f i n a l  3h values of blood pressure, acid- 

base balance, e l ec t ro ly tes  and osmalality f a r  the ten puppies of the study. 

N Condition MAP pH PCo2 Po2 HCO; ~ a +  K+ CL- Osm. 

4 g  4 g  4 g  ormalfl mmolll mmolfl mmolfl mosmll 

1 Control (10% C 63 
in jec t ion)  

3h 40 

2 Control (15% C 73 
in jec t ion)  

3h 70 

3 5% H20 C 63 

3h 60 

4 5% H20 C 75 

3h 70 

5 10% H20 C 63 

3h 60 

6 10% H20 C 50 

3h 30 

7 15% H20 C 63 

3h 63 

8 15% H20 C 55 

3h 48 

9 18% H20 C 55 

3h 68 

10 18% H20 C 78 

3h 45 

Table 11. Brain water and e l ec t ro ly te  content 

f o r  the ten puppies of the study. 

plasma 
B Condition osnolal i ty  brain water sodium potassium chloride 

mosmll ml/g d r y  wt. meq.lkg dry wt. 

1 Control 296 8.12 657 634 476 

2 Control 303 8.24 681 639 492 

3 5% H20 277 8.66 623 628 440 

4 5% H20 279 8.83  673 619 467 

5 10% H20 276 8.94 668 632 479 

6 10% H20 275 8.68 711 667 480 

9.5- 

9.3 - 
Brain water . 

content 9,1 - 
ml/gmdry wt 

8.9 - 

8.7 - 

% decrease in plasma osmolality 
Figure 1. Brain water content is shown a s  a function of the % decrease i n  plas- 
ma osmolality fo r  t en  newborn puppies (m). The % decrease i n  osmolality is 
calculated fo r  each puppy using its control  and f i n a l  (3 h) plasna osmolality 
values and the relat ionship:  (control  osmolality - t e s t  osmolal i ty) /control  
osmolality. The l i n e  d r a m  on the f igure represents  the response of brain water 
content proport ional  t o  the  plasma osmolality change. This  was calculated using 
the mean brain water content value of the two control  puppies fo r  comparison t o  
individual t e s t  values. The open c i r c l e  (0) represents  the mean % increase i n  
brain water a s  a function of the % decrease in  plasma osmolality fo r  the puppies 
of our previous r epor t  (17). 

Bmin potassium [ 

Bmin chloride 
meq 450- - 

kg dry wt : 

55oL , 
0 5 10 I5 20 

% decreore in plosmo ownolal~ly 

Figure 2. Brain sodium and potassium content a r e  shown a s  a function of the % 
decrease in  plasma osmolality f o r  10 newborn puppies. The l i n e s  on each panel 
represent  the least-squares l inea r  regression of these data. The equation fo r  
the sodium l i n e  i s  y = - 3 . 6 1 ~  + 684, r = 0.69, P < 0.026. For chloride,  the 
equation is y = - 4 . 3 9 ~  + 491, r = -0.87, P = 0.001. For potassium the equation 
is y = - 1 . 4 4 ~  + 644, r - 0.49, P = 0.15. 

300r 

4MI 

CSF pressure 

mmH,O 

- 

1 ~ ~ " " ~ o " " ~ o " " ~ ~ ' " ' ~ ~ o " " ~ ~ o " " ~ ~ o  

minutes 
Figure 3 .  Cerebrospinal f l u i d  pressure measured i n  the r i g h t  l a t e r a l  ven t r i c l e  
i s  shown as a function of time. Values recorded a t  5-min in te rva l s  during the 
duration of the experiments a re  shown. For s implif icat ion the mean value of the 
two puppies i n  each group a re  plot ted.  The % values on the f igure represent  the 
% decrease in  mean plasma osmolality in  each group. 
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