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The present study aimed to test whether an acute period of 
asphyxia during birth in the rat results in long-term alterations in 
CNS function. Morphologic studies have indicated that the hip- 
pocampus is particularly vulnerable to perinatal anoxia. Thus, the 
present study tested adult rats, which had undergone acute birth 
asphyxia, for their performance in spatial learning and memory 
tasks associated with the hippocampus. Rat fetuses on the day of 
birth were submitted to an acute period of complete asphyxia by 
submersion of the isolated uterus into a water bath for 5-20 min 
before delivery of the pups. Control animals were either born 
vaginally or delivered by rapid cesarean section. At 1.5 mo of 
age, rats that had undergone 15 min of birth asphyxia showcd no 
deficit in acquisition of spatial learning, measured as latency to 
find a hidden platform in the Morris water maze. However, at 4 
mo of age, separate groups of rats, which had undergone 10, 15, 

Recent epidemiologic studies indicate that asphyxia at or 
before birth remains an important problem in the general 
population and is particularly prevalent in the case of preterm 
neonates (1-3). Although perinatal asphyxia is thought to 
contribute to major dcficits in some cases of mental retardation, 
cerebral palsy, and epilepsy (1, 2), a role for birth asphyxia in 
more subtle alterations of CNS functioning has been much less 
investigated. However, recent long-term follow-up studies 
have indicated that, for nondisablcd school-aged children sur- 
viving moderate anoxic perinatal distress, mean psychoeduca- 
tional test scores on several measures are significantly below 
those for the mild anoxic group or peer controls (4). 

During the birth process itself, mechanisms specific to the 
time of birth play an important protective role against hypoxic 
damage. In general, fetal animals arc more resistant to hypoxia 
than are neonatcs (5, 6). Vannucci and Duffy (7) have further 
shown that total cerebral energy consumption during anoxia, as 
well as consequent brain damage, is lower in fetal rats taken on 
the day of birth compared with neonates at 1 d of age, 
emphasizing the differences in physiology between the near- 
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or 20 min of' birth asphyxia, showed a deficit in initial acquisition 
of the spatial learning task compared with vaginally born con- 
trols, whereas the 5-min group performed similarly to controls. 
After overtraining, there was no difference among groups on 
short-term (1 wk) retention of the spatial navigation task; how- 
ever, asphytic animals tested at 1.5 mo and retested at 4 Ino 
showed a slight deficit in retention on retest. Animals that had 
undergone 15 min of birth asphyxia weighed less than did 
vaginally born animals, but sl~owecl no deficit in swimming 
ability, spontaneous alternation in a T maze. or other sensori- 
motor indices. Our results show that a brief period of asphyxia 
during a cesarean birth can produce subtle deficits in spatial 
learning that bccome evident only in adulthood. (Pediatr Rex 37: 
489-496, 1995) 

term fetus and the same animal only 1 d later. Studies by 
Lagcrcrantz, Jones, Slotkin, and others (8-1 1) have indicated 
that the catecholamine surge elicited by a vaginal dclivery 
serves to protect the fetus from hypoxia through redistribution 
of blood flow to heart, brain, and other vital organs, cnhance- 
mcnt of lung compliance, and mobilization of glucose. 

The notion that compensatory mechanisms involving the 
entire body arc important in determining the extent of brain 
damage after birth asphyxia is also supported by epidemiologic 
studies with human neonates. These studies indicate that CNS 
involvement occurs in less than half of human newborns who 
exhibit signs of intrapartum hypoxcmia/acidosis (asphyxia) 
such as low Apgar scores, hypoxemia, acidcmia, or asphyxia1 
insult to other organ systems (1, 4). Even among a group of 
neonatcs classified as having suffered severe perinatal asphyxia 
often with acute multiple organ system effects, Shankaran et nl. 
(12) have reported that a significant proportion (20%) showcd 
no signs of CNS involvement. Given the unique physiology of 
birth, including compensatory processes protecting against hy- 
poxia/ischemia, it is of interest to determine the consequences, 
if any, of a period of asphyxia during this process. 

Recently, Bjelke et nl. (13) developed a model of asphyxia 
during a delayed cesarean section in the rat that involves 
removal of the entire uterus to a water bath, mimicking an 
acute asphyxia1 event, before delivery of the pups. Using this 
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model, neuronal losses in areas CA1 and CA3 of the hip- 
pocampus have been observed in 3-wk-old animals that had 
undergone 14-17 min of birth asphyxia. Similarly, in fetal 
sheep subjected to carotid artery occlusion, hippocampal re- 
gions CAI,  CA2, and CA3 are reported to be particularly 
vulnerable to hypoxic damage (14). These findings are in 
agreement with the frequent association of hypoxicJischemic 
states in human neonates or adults with hippocampal lesions 
and memory deficits (4, 15, 16). 

Given this background, the first aim of this study was to 
delineate some of the long-term behavioral consequences of an 
acute period of asphyxia during birth in the rat. In light of the 
reported vulnerability of the hippocampus to perinatal anoxia, 
we chose to tcst rats that had undergone birth asphyxia for 
spatial learning in the Morris water maze, a test in which 
deficits arc observed after dorsal hippocampal lesions (17-19). 
Several measures of sensorimotor function were also assessed. 
A second aim of the study was to examine time constraints 
surrounding behavioral deficits by I)  determining the period of 
asphyxia necessary to produce deficits and 2) determining 
whether age at testing (adolescent versus adult) influences 
detection of deficits. 

METHODS 

Rats undergoing birth asphyxia during cesarean section de- 
livery were generated using a modification of methods de- 
scribed by Bjelke et al. (13). Pregnant Sprague-Dawley rats at 
22 d of gestation (i.e. on the day of birth) were decapitated and 
the entire uterus was quickly removed. Use of anesthetic in the 
dam was avoided because this compromised survival of the 
pups. Time taken for decapitation and removal of the uterus 
was less than 1 min. An acute asphyxia1 episode was induced 
by completely immersing the uterus in a 37°C saline bath for 
5, 10, 15, or 20 min. Thc pups werc then delivered and 
breathing was stimulated by gentle tapping until breathing 
became even, usually within a few seconds; no other means of 
artificial resuscitation was used. Time between delivery of the 
first and final pups from a single uterus was approximately 1 
min. Control pups werc born vaginally; an additional group of 
pups delivered by cesarean section with no period of asphyxia 
was also included to control for the effects of the cesarean 
procedure alone, with no added hypoxia, on behavioral mea- 
sures. Using this protocol, all pups born from a single dam 
werc subjected to a single experimental condition (i.e. vaginal 
birth or cesarean birth with 0 ,5 ,  10, 15, or 20 min of asphyxia); 
therefore, to minimize interlitter effects, each experimental 
group was generated from at least three separate dams. Only 
male pups were retained for study. Pups were maintained for 
approximately 1 h on a heating pad, until placed with a foster 
dam. Groups of control and asphytic pups were idcntified by a 
coded pattern of toe-clipping and cross-fostered in mixed litters 
by the same dam to minimize differential rearing effects. Pups 
were weaned at 21 d and grown to 1.5, 3, or 4 mo of age, when 
behavioral tcsting was donc. Before tcsting, individual animals 
were identified by coded tail markings using water-insoluble 
marking pens, so that the experimental group (idcntified by 
toe-clipping) could be ignored during the behavioral testing. 

Behavioral testing for spatial learning and memory was 
performed using the Morris water maze. In this task, animals 
use distal extra-maze cues to find a platform hiddcn beneath the 
water surface in a swimming pool. The water mazc was a 
circular pool, 136 cm in diameter, filled with opaque milky 
water at 29OC and placed in a room with salient extra-maze 
cues. A plexiglass platform (10 cm square) was hidden 4 cm 
below the water surface in the center of one quadrant and 
rernaincd in the same quadrant, except where indicated. Each 
trial of the spatial learning task was started by placing a rat 
with its face toward the wall of the pool at one of four 
quasi-randomly selected start points around the perimeter of 
the pool (north, south, east, or west). The trial was terminated 
when the animal located the platform and remained on it for 10 
s or after 120 s if the rat failed to reach the platform. Two trials 
per day with an intertrial interval of 15 min werc given on 8 
consecutive d. Because two start points were proximal to the 
platform and two were distal, each daily test comprised one 
trial with a proximal start point and one with a distal start point. 
Latency to find the platform and swim paths were recorded. 
After the second trial on the eighth tcst day, 4-mo-old animals 
werc given a probe trial consisting of placing the rat in the pool 
for 60 s with the platform removed; time spent in each quadrant 
of the pool was rccorded. After this, randomly selected sub- 
groups of 4-mo-old animals received 2 d of massed training 
and 1 wk later were retested for short-term retention of the 
spatial learning task. Massed training consisted of eight trials 
per day with the platform in place, and the animal was allowed 
to remain on the platform for 30 s betwecn each trial. Short- 
term retention tests consisted of two trials pcr day for 4 d with 
an intertrial interval of 15 min. 

Spontaneous alternation was monitored in a T maze, con- 
sisting of a 90-cm long arm and two 68-cm choice arms. On 
each of two trials, the animal was placed at the distal end of the 
long arm, and a choicc of left or right was rccorded when the 
front paws crossed a line 21 cm into the choice arm. A trial was 
terminated when the animal exited the choicc arm or remained 
in the arm for a maximum of 20 s or, if no choice was made, 
after 80 s. Animals received 15 pairs of trials over 7 d. 

Sensorimotor performance was measured once daily for 5 d 
using tests modified from Dunnett et al. (20), Schallert et al. 
(21), and Welner and Koty (22). In brief, these tests included 
the following. 

Tactile stimulation. Response to tactile stimulation was 
assessed by placing a circular adhesive label on the rat's snout 
in the center of the triangle made by the two eyes and nose. 
Latencies to begin grooming and to remove the label were 
recorded. 

Orientatiorz. The animal's vibrissae were lightly stroked 
with a cotton swab on the left side and then on the right. 
Turning of the head toward the stimulus was given a score of 
0, whereas no response was given a score of 1. 

Head scans. The animal was placed on a circular metal 
stand of diameter 29 cm and height 40 cm for 60 s. A rat will 
normally explore with dorsal, ventral, and lateral head scans, 
which consist of lifting its head upward, lowering its head over 
the side of the stand, and moving its head side to side, 
respectively. An animal that exhibited at least one dorsal head 
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scan was given a score of 0, whereas an animal that did not 
received a score of 1; ventral and lateral head scans were 
similarly scored. 

Limb clasping. The animal was gently lifted by the base of 
the tail for a few seconds and deviations in the positioning of 
its fore- and hindlimbs from the normal (i.e., forepaws forward 
and hindpaws up and to the rear) were scored as 1, 2, or 3 for 
limb deviations of 45", 90°, or 135", respectively, toward the 
body from the normal position. A score of 4 was given if the 
limbs were clasped together or to the body. 

Limb placing. The animal was held by the tail and gently 
placed onto the laboratory counter and the position of its 
forelimbs was observed. Scores of 0, 1, or 2 were given if the 
paws were extended either before contact with the surface, 
only after the vibrissae touched the surface, or not at all. 

Turning on grid. The animal was placed with its head facing 
downward on a grid inclined 40" from the horizontal, and the 
latency for the animal to right itself to face upward was 
recorded. 

Statistical analyses of swim maze data were performed using 
a two-way analysis of variance with repeated measures or, for 
separate comparisons on individual test days, a one-way anal- 
ysis of variance. When warranted by significant F ratios, 
individual comparisons were made with post hoc Duncan's 
tests. 

RESULTS 

Survival rates were 100% for vaginally born animals and 
animals undergoing 0, 5, or 10 min of birth asphyxia, were 
92% after 15 rnin of asphyxia and dropped to 40% with 20 rnin 
of asphyxia in the absence of any form of artificial ventilation. 
During the first few minutes after birth, animals undergoing 15 
min of birth asphyxia lacked muscle tone in comparison with 
control animals (vaginally born or cesarean section with 0 min 
of asphyxia), took longer to initiate breathing, and had a 
reduced respiratory rate. Adult animals that had undergone 
0-20 min of birth asphyxia did not exhibit any overt behav- 
ioral deficits. At 44 and 82 d of age, vaginally born animals 
weighed significantly more than did animals that had under- 
gone 15 rnin of birth asphyxia; at 82 d of age, vaginally born 
animals also weighed more than animals delivered by cesarean 
section with 0 min of asphyxia (Table 1). 

Spatial learning in adult animals that had undergone birth 
asphyxia was tested using the Morris water maze. At 4 mo of 
age, rats that had been vaginally born or born by cesarean 
section with 0, 5, 10, 15, or 20 rnin of birth asphyxia were 

Table 1. Effect of birth asphyxia on body weight* 
.- 

Weight (g) at age 

44 d 82 d 

Vaginal birth 201 t 5 (1 1 )  399 ? 11 (11) 
0-min asphyxia 187 + 6 (12) 350 -C 7 t  (11) 
15-min asphyxia 178 5 57 (8) 345 + 17-1- (10) 

" F ratios for the main effect of birth group were F (2, 28) = 4.30, p < 0.03 
at 44 d of age and F (2, 29) = 6.50, p < 0.005 at 82 d of age. n = numbcrs 
in parentheses. 

t p < 0.01, diffcrence from vaginal birth value. 

tested on 8 consecutive d for latency to find a hidden platform 
in the Morris water maze (Fig. In and b). Analysis of variance 
showed a significant effect of group [F (5, 144) = 2.72, p < 
0.021 and of day [F (7, 1008) = 77.79, p < 0.00001] but no 
interaction [F (35, 1008) = 1.12, p = 0.291. Separate compar- 
isons based on each group's latencies across the 8 d showed 
that the 15- and 20-min asphyxia groups had an increased 
latency to find the platform in comparison with the vaginally 
born animals ( p  < 0.05). Although there was no significant 
group X time interaction, inspection shows that most of the 
differences in the groups occurred on d 2-7. The groups did not 
differ on d 1, and all groups cventually learned the task 
effectively by d 8. When latencies for each day were consid- 
ered separately, significant ( p  < 0.05) increases in latency, 
compared with the vaginally born group, werc found on d 4 
and 5 for the 10-min asphyxia group, on d 2 and 4 for the 
15-min asphyxia group and on d 4 and 6 for the 20-min 
asphyxia group. Significantly ( p  < 0.05) longer latencies were 
also observed on d 2 for the 15-min asphyxia group in com- 
parison with either the 0-min or the 5-min asphyxia groups, on 
d 5 for the 10-min asphyxia group compared with the 5-min 
group, and on d 7 for the 20-min asphyxia group compared 
with either the 0-min or the 5-min groups. Adult rats delivered 
by cesarean section with no asphyxia (0-min asphyxia) or with 

+ Vaginal Birth + Vaginal Birth - 80 - 9 0 min Asphyxia ?i' 80- 9 10 min Asphyxia 
-+ 5 min Asphyxia !- - 15 rnin Asphyxia I - - E * 20 min Asphyxia 

E 
6 60- - 5 60- +. 
m - - 
a - a .  

0 
0 - 
2 40- 

g 40- 
C 

C 0 .  
m - - - m 
1 

-I 

20 - 20 - 

Vaginal Birth 
0 rnin Asphyxia 

H 5 rnin Asphyxia 
10 rnin Asphyxia 
15 rnin Asphyxia 
20 min Asphyxia 

Figure 1. u and b Latency to mount a hidden platform in the Morris watcr 
maze for adult (4-mo-old) rats born vaginally or by cesarean section with 0, 5, 
10, 15, or 20 min of birth asphyxia. Mean latcncy ( 5  SEM) is plotted as a 
function of day of testing. n = 10, 15, 12, 13, 15, and 10 animals for groups 
horn vaginally or by cesarean section wilh 0, 5, 10, 15, or 20 min of birth 
asphyxia, respectively. c, Corresponding swim distances on test d 4, 5, and 6 
for the experimcnt shown in n and b. 
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5 min of birth asphyxia showed no significant deficit in the 
spatial learning task on any day of testing, in comparison with 
vaginally born controls. 

Several observations indicate that asphytic animals showed 
no deficit in swimming ability or motivation in the water maze. 
Analysis of swimming distances on test d 4, 5, and 6 (Fig. lc )  
showed a significant group effect [F (5, 142) = 4.81, 17 < 
0.00051 and indicated that adult rats that had undergone 10, 15, 
or 20 min of birth asphyxia spent their increased timc in the 
pool by swimming further than did the vaginally born animals 
(11 < 0.01). As a result, the swimming speed of adult rats that 
had undergone 10, 15, or 20 min of birth asphyxia was similar 
to that of vaginally born animals, on test d 4, 5, and 6 (with the 
exception of the 10-min group on d 5) (Table 2), indicating no 
impair~ncnt in swimming ability. In addition, when the plat- 
form was left visible in the water maze, animals that had 
undergone birth asphyxia found the platform as quickly as did 
controls (Table 2). 

At the end of 8 d of trials with the hidden platform, the 
platform was removed from the water, and each animal was 
placed in the maze for a 60-s probe trial (Fig. 2). The relative 
proportion of timc spcnt in each of the four quadrants was 
similar for all groups of animals, i.e. birth group X quadrant 
interaction: F (12, 135) = 0.64, 12 = 0.80. All animals (i.e. both 
control and asphytic) spcnt the greatest amount of their timc in 
the quadrant that used to contain the platform (training quad- 
rant), and analysis of data for the training quadrant alone 
indicated that the groups did not differ in proportion of timc 
spent in the training quadrant [F (4, 45) = 0.71, 17 = 0.591. 
This suggests that all animals had been using similar cues 
and/or search strategies to find the hidden platform. 

At the end of 8 d of trials with a hidden platform plus the 
probe trial, animals were mass trained (eight trials per day for 

Table 2. ~ff'c~cf of hirth nsplzyxia on swim .speecl when locatirzg u 
lzidclerz l1lcltfoi717 ci11d lateizcy to ,find a visihle plutf'orm in rite Morris 

- --- - -- 

wurer maze 
-. 

Swim speed (cmis)" 
-- 

d 4 d 5 d 6 

Vaginal birth (10) 20 t 2 29 2 3  31 5 2  
(1-min asphyxia (14) 24 i 2T 22 i 27 1- 2 
5-min asphyxia (12) 28 i 1 27 2 2  27 i 2  
10-min aspliyxia (13) 25 5 1 2 2 i I - i -  3 0 ? 2  
15-min asphyxia (15) 25 i I 26 i- 1 26 - + 2  
20-min asphyxia (10) 27 t 1 28 2 2  33 -+ 1 

Latcney to platform (s)S 
- -- 

d 1 d 2 d '3 

Vaginal birth (16) 17 1- 2 1 0 2 1  I0 i 1 
(1-min aspliyxia (9) I3  i 2 14 i 3 8 1 - 1  
5-min asphyxia (12) 15 t 2 0 -+ 2 1 0 2  1 
10-min asphyxia (6) 1 5 5 3  14 i- 3 10 t 2 
15-min asphyxia (10) 13 2 2 11 1 - 2  7 1 - 1  
20-niin asphyxia (7) 16 i 4 

-- - 

13 i 2 11 t 2 
-- 

17 = numbers in parcntheses. 
.' Thc F ratio for the main effect of birth group was F (5, 142) = 3 .85 ,p  < 

0.003. 
-;/I < 0.05. 

11 < 0.01, direrencc from vaginal birth value. 
8 The F ratio for the main effect of birth group was F (5, 114) = 0.88,/1 = 

0.50, 

Quadrant 
Opposite 
Adjacent Left 
Adjacent Right 
Training 

T T 

V a g i n a l  0 rnin 5 rnin 10 rnin 15 rnin 

Period of Birth Asphyxia 

Figure 2. Proportioli of time spent in each quadrant during a probe trial in the 
Morris water maLe for adult rats born vaginally or by cesarean scctioll with 
various periods of birth asphyxia. Quadrants are described by position in 
rclation to the training quadrant. n = 10, 11, 10, 8, and 11 animals for groups 
born vaginally or by cesarean section with 0 ,5 ,  10, or 15 min of birth asphyxia, 
respectivcly. 

2 d) to ensurc that all had effectively learned the location of the 
hidden platform. The animals were left in their home cages for 
1 wk and then retested in the water maze for 4 d. On retest after 
the 1 wk of rest, there was no significant effect of birth group 
[F (4, 93) = 1.26, p = 0.291, indicating that control (vaginally 
born and 0-min asphyxia) and asphytic (5, 10, and 15 min of 
asphyxia) rats found the hidden platform equally quickly (Fig. 

3). 
Separate experiments tested the water maze performance of 

adolesccnt (1.5 mo of age) rats that had undergone birth 
asphyxia. At 1.5 mo of age, adolesccnt rats that had undergone 

Vaginal Birth 
0 rnin Asphyxia 
5 rnin Asphyxia 

E3 lo min As~hvxia  

Day 

Figure 3. Retentionirelearning of the Morris water maze task after 1 wk of 
rest. Adult rats that hat1 heen born vaginally or by ccsarcan section with various 
periods of birth asphyxia were ovcrtraincd to find a hiddcn platform in the 
Morris water maze, allowed 1 wk of rest, and then retested. Mean latency (i 
SEM) to mount thc hidden platform on retest is shown as a function of day of 
testing. rz = 10, 10, 10, 8, and 11 animals for groups born vaginally or by 
ccsarean section with 0, 5, 10, or 15 ~ n i n  of birth asphyxia, respectivcly. 
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15 rnin of birth asphyxia showed no difference in latency to 
find the hidden platform in the Morris water maze compared 
with rats born vaginally or by cesarean section with 0 rnin of 
asphyxia (Fig. 4a) [F ratios for effects of birth group: F (2, 87) 
= 0 . 5 8 , ~  = 0.56, and of day: F (7, 609) = 3 9 . 9 1 , ~  < 0.00001, 
group X day interaction: F (14, 609) = 1.47, p = 0.121. 
Compared with vaginally born animals, there was a tendency 
to increased latency for animals that had undergone 15 rnin of 
birth asphyxia on d 2-7, but this did not reach significance. 

A subgroup of animals that had received 8 d of trials with the 
hidden platform in the swim maze at 1.5 mo were retested 
using the same paradigm at 4 mo of age (Fig. 4b). On d 1 of 
testing, these animals showed a decreased latency to find the 
platform in comparison with 4-mo-old (compare Fig. 4b with 
Fig. la  and b) animals naive to the swim maze. This was true 
for both control animals (vaginally born, p < 0.01, and 0-min 
asphyxia, p < 0.01) and animals that had undergone 15 rnin of 
birth asphyxia ( p  < 0.01). This decreased initial latency 
lessened the likelihood of observing differences between con- 
trol and asphytic animals on subsequent test days. Nonetheless, 
in the group of animals tested at 1.5 mo and retested at 4 mo 
of age, animals that had undergone 15 rnin of birth asphyxia 
showed a significantly increased latency to find the platform, 
compared with either vaginally born or cesarean-sectioned 
(0-min asphyxia) controls, on d 5 of the 4-mo retest ( p  < 0.05) 
(Fig. 46). 

Vaginally born animals, animals delivered by cesarean sec- 
tion with no asphyxia (0-min asphyxia group), and animals that 
had undergone 15 min of birth asphyxia were also tested as 
adults (3 mo of age) for spontaneous alternation in a T maze, 
as well as for six other measures of sensorimotor function. 
There were no group differences in rates of spontaneous alter- 
nation or in measures of orientation, head scans, limb clasping, 
limb placing, or time to turn on an inclined grid (data not 
shown). The only group difference found was in a test of tactile 
stimulation. Animals that had undergone 15 rnin of birth 
asphyxia showed a significantly (p  < 0.01) increased latency 
to begin grooming and to remove an adhesive label from the 
snout, compared with the 0-min asphyxia group [for rats born 
vaginally or by cesarean section with 0 or 15 min of birth 
asphyxia, latencies (seconds) to begin grooming were 101 ? 9, 
87 ? 8, and 121 ? 8, respectively; latencies (seconds) to 
remove the label were 109 2 9, 92 5 7, and 127 5 8, 
respectively; means ? SEM from 15 animals per group]. Once 
grooming began, animals in the 15-min group removed the 
label as quickly as did the 0-min group. 

DISCUSSION 

The main finding of this study is that rats that had undergone 
10, 15, or 20 min of asphyxia during a cesarean birth, exhibited 
deficits in acquisition of a spatial learning task, as adults, in 
comparison with vaginally born animals. By contrast, no such 
deficit was detectable in rats that had been delivered by rapid 
cesarean section with no added period of asphyxia or with a 
5-min period of asphyxia. The threshold of 10 min of asphyxia 
for detection of deficits depends, to some extent, on the sen- 
sitivity of the spatial learning paradigm used. Nonetheless, it is 

+- Vaginal Birth 
+ 0 min Asphyxia 
-A- 15 min Asphyxia 

+ Vaginal Birth 
+ 0 rnin Asphyxia 
+ 15 rnin Asphyxia 

Figure 4. a, Latency to mount a hidden platform in the Morris water maze for 
adolescent (1.5 mo old) rats that were born vaginally or by cesarean section 
with 0 or 15 min of birth asphyxia. Mean latency (? SEM) is plotted as a 
function of day of testing. n = 16, 15, and 14 animals for groups born vaginally 
or by cesarean section with 0 or 15 min of birth asphyxia, respectively. b, 
Retention/relearning of the Morris water maze task at 4 mo of age. A subgroup 
of rats tested at 1.5 mo  in a were retested in the same task at 4 mo. Mean 
latency (i SEM) to mount the hidden platform on retest is plotted as  a function 
of day of testing. n = 9, 6, and 6 animals for groups born vaginally or by 
cesarean section with 0 or 15 rnin of birth asphyxia, respectively 

of interest that fetal heart rate, in a very similar model of birth 
asphyxia, has been shown to be well maintained for 5 min of 
asphyxia, but to decline during 10-15 min of asphyxia, 
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whereas artcrial 0, saturation fluctuates throughout a 15-min 
pcriod of asphyxia (13). The conditions of water maze testing 
used in the present study, i.e. only two trials per day, with a 
relatively long intertrial interval of 15 min, tend to increase 
sensitivity of the task for dctcction of deficits (23). Thus thc 
deficits shown by the asphytic animals in this task are relatively 
subtlc. Although cffects of acute hypoxialischcmia on the 
immaturc CNS havc been studied to some extent at thc ccllular 
lcvcl, long-term behavioral cffccts of short periods of birth 
anoxia havc rcccived much less attention. However, use of 
behavioral mcasurcs may, in some cases, rcvcal that the CNS 
is morc sensitivc to anoxia than had been previously thought. 
In this regard, deficits in place lcarning in the Morris watcr 
mazc havc been reported in adult rats aftcr transient occlusion 
of the common carotid arteries ("two-vesscl occlusion" 
model) in the abscncc of observable histologic CNS damage 

(24). 
In thc prcscnt study, the cesarean proccdurc alone did not 

produce a significant dcficit in spatial learning. Howcvcr, there 
was a tcndcncy for increased acquisition latencies in the 0-min 
asphyxia group comparcd with vaginally born controls, sug- 
gcsting that the cesarean proccdurc alone may produce sub- 
threshold cffccts on spatial learning. Anoxia, in combination 
with the ccsarcan proccdurc, resulted in significant spatial 
Icarning deficits. In fact, comparison between period of as- 
phyxia and cxtcnt of spatial learning deficit reveals a quasi- 
dose-effect relationship. Compared with vaginally born ani- 
mals, the 5-min asphyxia group showed no significant deficit in 
spatial Icarning and the 10-min group showcd a deficit on d 4 
and 5 of testing but no overall group cffcct, whereas the 15- and 
20-min groups showed significant effccts on comparison of 
latcncics across the S d of testing. This finding is consistent 
with the notion that the lcngth of the period of asphyxia during 
the ccsarcan scction procedure determined thc dcgrce of spatial 
Icarning deficits obscrvcd. In comparison with the adult ncr- 
vous systcm, immature nervous tissue from a number of spe- 
cics is known to be more resistant to hypoxialischemia (25). 
Thus, it is not surprising that near normal acquisition in place 
learning was sccn in adult rats that had undcrgone 5 min of 
complctc anoxia during birth and long-term dcficits were seen 
only with longer periods of anoxia. 

Global birth asphyxia may potentially affcct any organ sys- 
tem or tissue in the body. Thus increased latcncics i n  the 
Morris mazc on the part of asphytic animals could havc bccn 
duc to dcficits in locolnotor ability and/or motivation to find 
and mount the hidden platform. Howcvcr, this did not appear 
to bc the case. Animals that had undcrgonc up to 20 min of 
birth anoxia showcd no systematic decrcasc in swim speed and 
mountcd a visiblc platform in the water maze as quickly as did 
vaginally born animals. The latter rcsult with the visible plat- 
form also indicates that asphytic animals had no gross visual 
abnormalities, an important coliccrn bccause, at least in hu- 
mans, perinatal hypoxialischemia is often associated with vi- 
sual disturbance (12). In addition, as assessed by quadrant time 
during a probe trial in the swim maze, animals that had 
undcrgone birth asphyxia sccmcd to use a similar stratcgy to 
find the hiddcn platform as did vaginally born animals. 

Adult rats that had undergone 15 min of birth asphyxia 
pcrforrned similarly to control animals (vaginal birth or ccsar- 
can section with 0 min of asphyxia) in a variety of scnsori- 
motor tests and showcd similar rates of spontancous alternation 
in a T maze, supporting our gross observations that behavioral 
deficits do not sccm to be widespread or scvere in the asphytic 
animals. The one sensorimotor task in which asphytic animals 
showed a slight impairmcnt was in latency to initiate facial 
grooming when a sticky label was placcd on the snout; this 
raises the possibility that asphytic animals may show minor 
defects in sensory attention, that could, in turn, contribute to 
decreased spatial lcarning ability. Once grooming began in 
response to the sticky label, asphytic animals took no longer to 
rcmovc the label than did controls, indicating that asphytic 
animals rctain the fine motor ability to complete this mancuvcr. 

The deficits in spatial learning observed after birth asphyxia 
in thc present study may rcsult from direct tissue injury sus- 
tained during the pcriod of birth asphyxia. Thc localization of 
thc CNS pathology, if any, that is responsible for the dcficit in 
spatial lcarning after birth asphyxia rcmains to be determined. 
Deficits in spatial learning in the Morris water mazc have been 
rcported after circumscribed lcsions to the hippocampus and 
related structures (17-19, 26, 27), as well as other structures, 
such as frontal or parietal cortex (28), medial caudate-putamen 
(29), and the nuclcus basalis magnocellularis (23). Involve- 
ment of damage to hippocampal structures in the spatial learn- 
ing dcficits produced by birth asphyxia in the present study is 
likely in view of the noted vulnerability of the hippocampus to 
ischemialhypoxia and the observation by Bjclke et al. (13) of 
a modcst loss of neurons in hippocampal CAI and CA3 rcgions 
in a vcry similar model of birth asphyxia. One may also 
consider the possibility that birth asphyxia might damage a 
selectively vulnerable subpopulation of neurons within a given 
brain region. For example, spatial learning deficits arc rcported 
to occur aftcr combined cholinergic/serotonergic denervation 
of the forebrain (30) or specific N-methyl-o-aspartate receptor 
blockade (31). 

Alternativcly, the observed deficits in spatial learning in the 
present study may not be due to dircct tissue injury during birth 
asphyxia but may rcsult from events occurring secondary to the 
initial asphytic event. For cxample, the decreascd weights 
observed in young animals that had undergone birth asphyxia 
suggest that early postnatal feeding may bc suboptimal in 
asphytic animals due to impaired feeding ability and/or com- 
petition for maternal feeding time with larger, fitter litter matcs. 
Thus, birth asphyxia may cause animals to have an altcrcd 
nutritional status that secondarily affects maze learning ability. 
Early caloric restriction, particularly during the period bcfore 
weaning in the rat, has been documcnted to produce pcrmanent 
dcficits i n  body and brain weight as well as rcductions in cell 
numbers and lipid content in the brain (32, 33). Detailcd 
information concerning specific long-term cognitive effects, if 
any, associatcd with varying degrees of early undernourish- 
ment in thc rat, is lacking, although both undernourishment and 
overnourishment have been reported to produce altered behav- 
ioral responses, accompanied by morphologic changes in CNS, 
in some animals models (33-36). Another secondary factor 
that may influcncc maze performancc in asphytic animals is thc 
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stress response. Recent studies in our laboratory have docu- 
mented that animals undergoing asphyxia during a cesarean 
section exhibit long-term alterations in glucocorticoid secretion 
basally and in response to acute stress (Boksa P, Krishnamur- 
thy A, Sharma S, Wilson D, manuscript in preparation), as well 
as alterations in central monoamine metabolism after repeated 
stress (Brake W, Noel M, Boksa P, Gratton A, manuscript in 
preparation). Altered responsiveness to the novelty or stress 
inherent in swim maze testing and/or chronically altered re- 
sponsiveness to daily stressors could conceivably impinge on 
performance in the swim maze. However, regardless of which 
secondary mechanisms intervene, the primary event responsi- 
ble for spatial learning deficits in our experiments is clearly thc 
period of birth anoxia during cesarean section. 

Another important issue addressed in this study was whether 
spatial learning deficits in animals that had undergone birth 
asphyxia became worse or resolved during the progression 
from adolescence to adulthood in comparison with age- 
matched controls. Our results showed that 1.5-mo-old (adoles- 
cent) animals that had undergone 15 min of birth asphyxia 
showed no significant deficit in spatial learning compared with 
1.5-mo-old control animals. However, significant deficits in 
spatial learning were observed in a separate group of 4-mo-old 
(adult) animals that had undergone 10-20 min of birth as- 
phyxia compared with their age-matched controls. Inspection 
of the data suggests that this age-dependent deficit in asphytic 
compared with vaginally born animals is not due to an early 
neurodegenerative process in the asphytic animals, becaue 
performance of asphtyic animals does not, in fact, worsen with 
age. Rather the data are consistent with the interpretation that 
animals undergoing birth asphyxia show an impairment in the 
development of improved spatial learning abilities normally 
observed in control animals. This interpretation is supported by 
comparison of the spatial learning data from 1.5- and 4-mo-old 
control animals (compare vaginal birth groups in Figs. l a  and 
4a, i.e. data from separate groups of animals tested at either 1.5 
or 4 mo of age). This comparison suggests that the perfor- 
mance of control animals in the spatial learning task improves 
with age from 1.5 to 4 mo. By contrast, latencies for animals 
that had undergone 15 min of birth asphyxia were very similar 
at 1.5 and 4 mo of age (compare 15-min asphyxia groups in 
Figs. l b  and 4a), showing little tendency to improved perfor- 
mance with age. 

Regardless of whether the mechanism involves a neurode- 
velopmental or a neurodegenerative process, the data clearly 
show that. in comuarison with their age-matched controls, - 
asphytic animals showed no deficit in spatial learning at 1.5 mo 
of age, whereas a deficit could be measured at 4 mo. This 
conclusion is also supported by spatial learning data from a 
subgroup of the 1.5-mo-old animals that were grown to 4 mo 
of age and retested (Fig. 4h). On retest, a significant impair- 
ment in place learning was still observed on d 5 of testing, even 
though these animals had received prior training at 1.5 mo. 

Adult animals that had undergone 10-20 min of birth as- 
phyxia showed only a transient deficit in spatial learning and 
effectively learned the position of the hidden platform in the 

control and asphytic animals. The spatial learning data from 
1.5-mo-old animals that were retested at 4 mo of age showed 
that latencies on d 1 of retest for both control and asphytic 
animals were less than d-1 latencies recorded for 4-mo-old 
animals naive to the water maze. This indicates that both 
control animals and animals that had undergonc 15 min of birth 
asphxia are able to retain some element of learning over a 
longer course of 2.5 mo. 

In closing, we note that the CNS of the human newborn is 
thought to be at a more mature developmental stage than that 
of the rat at birth, with the brain of a rat at approximately 
postnatal d 10 resembling the accelerated period of synapto- 
genesis, myelinization, and astrocyte proliferation characteris- 
tic of the human newborn CNS at term (37-39). However, use 
of postnatal rat models does not allow for examination of the 
consequences of global asphyxia on the entire animal, calling 
into play all of the reflex and compensatory mechanisms 
specific to the time of birth. The advantage of the rat model of 
birth asphyxia for studies of long-term behavioral effects lies in 
the ability to reproduce these birth factors in their entirety In a 
species that readily lends itself to later behavioral testing (40). 
The model should also prove useful for characterization of the 
pattern of morphologic and biochemical alterations resulting 
from global anoxia at birth and may aid in the development of 
therapeutic intcrventions designed to minimize resulting CNS 
damage. However, inasmuch as parallels can be drawn be- 
tween rat models and clinical human events, the rat model of 
birth asphyxia may relate, in some respects, more to the 
condition of the premature rather than the term human infant. 
In this regard, it is of note that, in comparison with term human 
infants, prematurely born human infants experience birth an- 
oxia much more frequently, whereas later deficits in school 
performance are also more often encountered in the premature 
group (2, 3, 41). However, even in the term human infant 
undergoing moderate asphyxia, academic underachievement as 
well as long-term deficits in specific tests of attention and 
short-term recall have recently been documented (4). 
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