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Abstract  

Background 

Administration of the N-methyl-D-aspartate (NMDA) antagonist ketamine 

during the perinatal period can produce a variety of behavioral and neuroanatomical 

changes. Our laboratory has reported reliable changes in learning and memory 

following a single dose of ketamine administered late in gestation. However, the 

nature of the drug-induced changes depends on the point during embryonic 

development when ketamine is administered. Embryonic day 18 (E18) rat fetuses pre-

treated with ketamine (100 mg/kg, i.p. through the maternal circulation) and taught a 

conditioned taste aversion (CTA) learn and remember the CTA, whereas E19 fetuses 

do not. The current study sought to determine if long-term behavioral effects could be 

detected in animals that received ketamine or a saline control injection on either E18 

or E19. Rat behavior was evaluated on two different measures: spontaneous 

locomotion and water maze learning. Measurements were collected during 2 periods: 

Juvenile test period [pre-pubertal locomotor test: Postnatal Day 11 (P11); pre-pubertal 

water maze test: P18] or Young-adult test period [post-pubertal locomotor test: P60; 

post-pubertal water maze test: P81].  

Results 

Water maze performance of ketamine-treated rats was similar to that of 

controls when tested on P18. Likewise, the age of the animal at the time of 

ketamine/saline treatment did not influence learning of the maze. However, the 

young-adult water maze test (P81) revealed reliable benefits of prenatal ketamine 

exposure - especially during the initial re-training trial. On the first trial of the young 

adult test, rats treated with ketamine on E18 reached the hidden platform faster than 

any other group – including rats treated with ketamine on E19. Swim speeds of 
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experimental and control rats were not significantly different. Spontaneous horizontal 

locomotion measured during juvenile testing indicated that ketamine-treated rats were 

less active than controls. However, later in development, rats treated with ketamine on 

E18 were more active than rats that received the drug on E19. 

Conclusion 

These data suggest that both the day in fetal development when ketamine is 

administered and the timing of post-natal behavioral testing interact to influence 

behavioral outcomes. The data also indicate that the paradoxical age-dependent 

effects of early ketamine treatment on learning, previously described in fetuses and 

neonates, may also be detected later in young adult rats. 

 

Background  

Administration of ketamine or other NMDA receptor blocking drugs [1] may 

bring with it both beneficial and problematic outcomes. Ketamine’s use as a 

dissociative anesthetic is well established in clinical practice [1] and more recently, it 

has also been proposed as a neuroprotectant against hypoxic-ischemic brain damage 

in neonatal rats [2]. However, in adult animals, NMDA receptor blockade is known to 

produce psychotomimetic side effects [3], impair memory formation [4, 5, 6, 7], and 

may produce neurotoxicity [3, 8, 9, 10, 11]. This neurotoxicity is evidenced by 

vacuolization of cortical neurons [3, 10] and has also been linked to programmed cell 

death (apoptosis) during development [12 13, 14].  

The toxic effects of NMDA receptor blockade are apparently dependent on the 

dose of the drug, administration regimen, and the age of the animal treated. For 

example, vulnerability to MK-801-induced cortical vacuolization is not evident in 
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fetal animals but rather begins at approximately the time of puberty [8]. On the other 

hand, apoptogenic effects of ketamine have been seen following drug administrations 

during the last trimester of pregnancy [12]. Further, the selection of an acute or 

chronic dosing regimen may also modulate the neurobehavioral outcomes and the 

permanence of the neurological changes that can be expected [9, 13, 15, 16, 17, 18].  

 Recent experiments from our laboratory have focused on age-dependent 

effects of a single dose of ketamine on fetal learning and memory. Rat fetuses can 

learn conditioned taste aversions (CTAs) and exhibit taste-mediated conditioned 

motor responses (CMRs) [19, 20], which can be modulated in complex ways by 

exposure to ketamine at different times during the perinatal period [20, 21].  For 

example, ketamine will either cause a potentiation or a blockade of memory formation 

in rats, depending on the specific day during fetal development when the drug is 

administered. Rat fetuses that receive ketamine on E18 (30-minutes before CS-US 

pairing) are able to learn and remember CTAs and CMRs quite well. However, rat 

fetuses that receive ketamine before CTA training just one day later, on E19, exhibit 

an amnesia for these conditioned responses [21, 22]. We have referred to this 

phenomenon as the “ketamine paradox” [21]. 

These previous studies have only tested the durability of the ketamine paradox 

over a period of up to 2 weeks [22] and have looked at a very narrow range of 

behavioral measures – all with gustatory components. However, there are some 

indications that early treatment with NMDA receptor blocking drugs can have long-

term behavioral implications. For example, neonatal treatment with MK-801 can 

produce long-lasting behavioral radioprotection in rats with x-ray-induced 

hippocampal damage [23]. Likewise, Maier et al. [24] have reported that MK801-
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induced NMDA receptor antagonism in young rats (P7-17) extends the sparing of 

hindlimb function after spinal transection in older animals. However, treatment with 

an NMDA receptor antagonist [(+)HA-966] for a longer time, later in neonatal 

development (P10-20), impaired motor and cognitive behaviors in adult rats [25].  

Several questions remain. What is the range of behaviors that can be influenced by 

ketamine treatment during the perinatal period? How long lasting are the different 

behavioral effects of ketamine administered late in gestation?  

The current study extends our original observations and reports how a single 

injection of ketamine on either E18 or E19 modulates spontaneous locomotor activity 

and performance in a water maze. We tested the rats as juveniles and then as young 

adults. Our data suggest several age-dependent effects of early ketamine treatment – 

effects that depend on not only the length of time between drug administration and 

behavioral testing but also on the day in embryonic development when the NMDA 

receptor antagonist was administered. 

Results  

Water maze 

P18 water maze test:  Over the10 trials of the water maze test, subjects 

significantly reduced their latencies to mount the hidden platform [F(9,102) = 4.233; 

p < 0.0001] indicating the gradual learning of the maze. However, as Figure 1A 

illustrates, the animals never gained real proficiency on this task. The latencies 

decreased most dramatically within the first 3 trials and therefore we undertook a 

more in-depth analysis of this portion of the study. We also noticed that, as the 

animals swam, they would sometimes stop and tread water against the side of the 

tank. Therefore, we undertook an analysis of the stop time/trial during the first 3 water 

maze trials (see Figure 2). The time spent treading water decreased significantly over 
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the first 3 trials [F(2, 111) = 18.359; p < 0.001 ]. There was also a significant drug 

effect indicating that ketamine-treated rats spent less time treading water than did 

saline-treated controls [F(1, 153) = 15.972; p < 0.001]. This effect was independent of 

the age at which the rats received ketamine.  

Time spent treading water at the side of the tank may be interpreted as an 

alternative, futile, escape strategy and not necessarily as an indicator of learning the 

position of the hidden platform. Subsequent analyses subtracted out stop-times in 

order to provide the most accurate portrayal of maze learning during the first 3 trials. 

With stop-time removed, the declining time-to-platform [F(2,102) = 3.501; p = 0.034] 

and swimming distance [F(2,102) = 4.632; p = 0.012] over the first 3 trials indicated a 

learning of the maze during this initial exposure to the apparatus. However the 

behavioral changes induced by drug or age manipulations were not statistically 

significant. The number of trials in which the rat failed to mount the platform within 

90 seconds was not significantly different among the 4 treatment groups. Likewise, 

swim speed did not decrease significantly over the first 3 maze trials indicating that 

the animals were not fatiguing as they undertook multiple swims. 

Once the rat mounted the hidden platform we timed how long the subject 

remained there before it was removed (maximum of 30 seconds). An analysis of these 

data during the first 3 maze trials revealed neither a significant influence of subject 

age nor drug treatment.  

P81 water maze test: An analysis of the second water maze test indicated that 

there was a significant reduction in time [F(9,157) = 26.868; p < 0.001] to mount the 

hidden platform over the 10 trials (see Figure 1B). The analysis also revealed a 

significant Age X Drug interaction [F(1,401) = 5.15; p = 0.024] but no significant 

main effects of drug or age at treatment. Rats had previous experience with the maze 
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(see P18 maze data) and inspection of the data indicated that, after the first trial, 

latencies in all groups converged and dropped dramatically. As in the P18 water maze 

analysis, stop times (i.e., time spent treading water) during this first trial were 

significantly lower in ketamine-treated rats [Drug effect: F(1,62) = 6.645; p = 0.012]. 

A subsequent examination of the data excluded the time spent treading water in swim-

time, swim-distance and swim-speed analyses. On the first trial (see Figure 3), 

ketamine-treated rats found the platform significantly faster than saline controls [Drug 

effect: F(1,67) = 7.28; p = 0.009] and swam shorter distances to do so [Drug effect: 

F(1,67) = 8.89; p = 0.004]. Animals injected on E18 were generally quicker to find 

the platform [Treatment Age effect: F(1,67) = 10.55; p = 0.002] and swam more 

direct routes to the platform [Treatment Age effect: F(1,67) = 5.89; p = 0.018] than 

were animals injected on E19.  

Post-hoc analyses indicated that rats treated with ketamine on E18 reached the 

hidden platform significantly faster and swam shorter distances than saline-treated 

controls as well as rats treated with ketamine on E19 (see Figure 3). Rats treated with 

ketamine (on either E18 or E19) also exhibited significantly fewer failures to reach 

the hidden platform (within the 90-second limit/trial) than did saline control animals [t 

(66) = 1.86, p = 0.034 (one-tail test)]: ketamine-treated Mean + SEM = 0.71 + 0.05 

failures/10 trials; saline-treated Mean + SEM = 0.24 + 0.07 failures/10 trials. 

The short latencies to mount the platform cannot be attributed to faster 

swimming speeds. On the first, second and third water maze trials (i.e., the only ones 

analyzed for swim speeds), P81 rats that were treated with ketamine on E18 did not 

swim significantly faster than any of the animals in the other treatment groups. For 

example, the swim speeds for trial 1 were: [E18/ketamine: 34.30+3.59 cm/sec; 

E18/saline: 37.97+1.85 cm/sec; E19/ketamine: 30.47+2.40 cm/sec; E19/saline: 
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32.92+2.23 cm/sec (Mean + SEM)]. Fatigue did not seem to play a role in the group 

differences since swim speed remained stable in all groups over the first 3 water maze 

trials on P81. 

Locomotion 

A single ketamine treatment during the perinatal period had long-lasting 

effects on spontaneous locomotor movements. Ketamine’s effects depended on the 

age of behavioral testing as well as the age of the drug treatment. Horizontal 

movements (i.e., line crossings) were more prominently influenced by perinatal 

ketamine than were vertical movements (rearing). 

P11 locomotor tests: P11 rats treated prenatally with ketamine showed 

habituation to the open-field test chamber and exhibited reduced horizontal 

movements overall (see Figure 4). After being placed in the activity chamber, P11 rats 

decreased their horizontal movements (i.e., line crossings analyzed in 6, 5-minute 

blocks) significantly over the 30-minute test session [F(5,405) = 80.66, p < 0.0001]. 

In fact, locomotor activity of all treatment groups was reduced to very low levels 

(typically < 5 line breaks/min) after the first 5 minutes (Figure 4B). 

Ketamine-treated rats were also generally less active than saline-injected 

controls [F(1,81) = 7.79, p = 0.007]. However, there was a significant interaction 

between drug treatment and the block of time in which the locomotor measurement 

was made [F(5,405) = 6.26, p = 0.0002].  At the end of 5 minutes, P11 rats reduced 

their spontaneous locomotion to approximately 20% of its original level. For this 

reason, we performed a minute-by-minute analysis of the first 5 minutes in the open 

field apparatus (see Figure 4B). Once again, there was a significant decrease in 

horizontal movement over the first 5 minutes in the chamber [F(4,336) = 143.13, 

p<0.001]. Generally, ketamine treatment caused a significant decrease in line 
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crossings as compared to saline-injected controls [Drug effect = F(1,84) = 12.77, p = 

0.0006]. A Drug X Time Block interaction [F(4,336 = 3.21, p = 0.01] revealed that 

the largest group differences were exhibited within the first 3 minutes (see Figure 4B 

for individual group comparisons). There was not a significant difference in the 

spontaneous horizontal locomotor responses of E18- and E19-ketamine treated rats.  

P60 locomotor tests: Horizontal movements of ketamine-treated rats tested on 

P60 varied depending on when, during the fetal period, they had received the drug 

(see Figure 5). As was the case during the P11 tests, horizontal movements decreased 

significantly over the 30-minute test [F(5,340) = 163.12, p < 0.0001]. There was both 

an overall effect of subject age at time of drug injection [F(1,68) = 4.37, p = 0.04] and 

a Treatment Age X Drug interaction [F(1,68) = 10.37, p = 0.002]. Over the course of 

this 30-minute test (Figure 5A), E18 fetuses treated with ketamine were generally 

more active in their horizontal movements than were animals treated with saline on 

this day of embryonic development. Further, rats exposed to ketamine on E18 

exhibited significantly more horizontal movement than did E19 rats treated with 

either saline or ketamine. Rats injected with saline on E18 or E19 did not exhibit 

significant differences in line crossings when tested on P60.  

An analysis that focused on the first 5-minutes of this P60 locomotor test 

(Figure 5B) revealed a significant interaction between drug treatment and subject age 

at time of treatment [F(1,70) = 14.13, p < 0.001]. Multiple comparisons revealed that 

rats treated with ketamine on E18 were more active than both E18 saline-control rats 

and E19 rats that received ketamine. These data reveal a very different pattern of 

horizontal locomotor responses exhibited by ketamine-treated rats depending on the 

day during fetal development that they received the drug. There were no significant 

group differences in rearing movements on P60. 
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Discussion  
The data presented here suggest several age-dependent effects of early 

ketamine treatment – effects that depend on not only the day of behavioral testing but 

also the day in embryonic development when the NMDA receptor antagonist was 

administered. During the initial stage of the second water maze test (on P81), rats 

treated with ketamine on E18 found the hidden platform more quickly than did 

animals receiving the same treatment on E19. Moreover, they exhibited enhanced 

maze performance compared to both groups of saline-treated rats. It is important to 

note that ketamine treatment on E18 did not induce faster swim speeds. Rather, the 

animals swam more direct routes to the hidden platform. 

Effects of ketamine on spontaneous open-field locomotion were also age-

dependent. In neonatal animals (P11), ketamine administration in utero reduced 

subsequent spontaneous movement. This effect was subtle (i.e., only in evidence 

within the first 3- minutes of testing) and did not depend on the subject’s age at the 

time of the drug’s administration. However, when these animals were re-tested on 

P60, the rats that received ketamine on E18 both moved more than the rats that 

received ketamine on E19 and also moved more than saline-injected controls.  

First, these data reveal long-term behavioral effects of a single dose of 

ketamine administered in utero. Drug-induced effects on water maze learning were 

observed over 11 weeks after birth and locomotor effects were documented 9 weeks 

post partum. These findings are consistent with others indicating that early NMDA 

receptor blockade may produce behavioral alterations that are detectable in adulthood 

[23, 25, 26]. Second, these data are consistent with the hypothesis that the behavioral 

effects of NMDA receptor blockade depend on the day in embryonic development 

when the antagonist is administered. In particular, some of the findings reported here 

extend our previous work indicating that ketamine treatment on E18 may have 
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different effects than administration of the drug on E19 [21]. The same dose of 

ketamine administered in the current study potentiated conditioned motor responses of 

neonates if the drug had been given (through the maternal circulation) on E18. 

However, ketamine impaired acquisition of this learned response if it was 

administered one day later on E19 [21]. Similar age-dependent effects have been 

reported using different behavioral indicators of learning [22, 27].  

The effects of early ketamine treatment on locomotion are apparently not 

consistent throughout postnatal development. Ketamine reduced locomotor 

movements in P11 rats but later (P60) selectively enhanced locomotion of animals 

that received the drug on E18. The reasons for this change in responding are unclear. 

In order to accommodate the different size of the animals at P11 and P60, there were 

differences in the dimensions of the open field chambers used at each test. Also, the 

chamber walls were clear during the P11 test and opaque at P60. But beyond these 

differences in apparatus, maturation clearly brings with it a variety of capabilities and 

propensities many of which can modulate motor responding. For example, at the end 

of 5 minutes, P11 rats reduce their spontaneous locomotion to approximately 20% of 

its original level. However, P60 rats are 80% as active during this same time period. 

These data indicate a general tendency for young rats to habituate (or fatigue) more 

rapidly than older rats. Other behavioral studies have revealed toxin-induced 

performance impairments that reveal themselves only at certain stages of early 

postnatal development but not at older ages [28]. More recently, Beninger et al. [29] 

reported that rats administered MK-801 on P3 and tested pre- (P35) and post-

pubertally (P56) exhibited different locomotor responses to amphetamine depending 

on the time of the behavioral test. 
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Our measures of swim speed may offer some insights regarding the relative 

motor capacities and motivation of our animals. Swim speeds did not significantly 

differ between animals previously treated with ketamine or saline. Likewise, fetal age 

at the time of the drug treatment did not influence speed of swimming. Instead, rats 

reduced their latencies to mount the platform by swimming more-direct routes. Thus, 

the water maze data reported here are less likely a reflection of the animal’s capacity 

or motivation to get to the platform and more likely a reflection of learning ability. 

 It should be noted that water maze performance may be influenced by a 

number of factors beyond cognitive ability. For example, drug-induced alteration of 

visual acuity, motivation or motor capacities can alter performance of this task [30]. 

The literature suggests that early NMDA receptor blockade may alter development of 

the visual system [31, 32]. But measures of actual visual acuity following a single 

occurrence of NMDA receptor blockade in the developing brain are lacking. The 

available data suggest that visual plasticity is more significantly altered by NMDA 

receptor antagonism than are visual maps [33] or neural activity per se [34].  Our 

water maze procedures did not necessarily place demands on the rat’s visual system. 

The location of the hidden platform was not changed from trial to trial or between the 

P18 and P81 tests. Therefore, once the platform was located, our subjects could have 

adopted motor strategies to reach the goal on subsequent trials. Although water maze 

performance is typically cited as an indicator of spatial learning, our paradigm does 

not eliminate the possibility that other types of learning may also be involved.  

 We used accepted statistical methods to avoid spurious inflation of sample 

size and to control for litter effects [35, 36] (see Methods section below). However, 

due to constraints of resources, the small number of litters employed may have 

reduced our power to detect subtle differences in performance. Thus, this report 
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should be viewed as a conservative account of drug- and age-influenced changes in 

behavior.  

 It is worth noting that it was initial responding on the water maze and in the 

locomotor test chamber that was most sensitive to our fetal ketamine treatment. 

ketamine-treated rats exhibited significantly faster times to reach the hidden platform 

(at age P81) – but only on the first trial. Likewise, P11 rats treated with ketamine as 

fetuses, exhibited fewer locomotor movements than did saline controls – but only 

during the first 5 minutes of our test. Our laboratory [37], as well as other 

investigators [38] have reported a role for NMDA receptors in the determination of 

novelty. The current data seem to suggest that these effects may extend to various 

behavioral testing paradigms. Moreover, since our tests were conducted weeks after 

fetal ketamine treatment, our data indicate the persistence of ketamine’s effects on 

initial responding. 

 What neural, or other, mechanisms might subserve the behavioral 

phenomenon outlined here? NMDA receptor populations and physiology are neither 

static nor mature during the perinatal period and blockade of these receptors during 

particular days of development may produce quite different effects [39, 40]. For 

example, Sircar [41] has shown that the binding of [
3
H] MK-801 (a potent/ selective 

NMDA receptor antagonist) in synaptosomal membranes is differentially altered by 

glutamate (and other) agonists during various periods of development. These data 

build on previous findings [42] indicating a dramatic change in the number of PCP-

binding sites in fetal rat brain between the ages of E18 and E19. This is the same time 

frame in which ketamine’s effects on memory change so significantly. Could these 

developmentally linked changes in NMDA receptor populations and functional roles 

mediate the ketamine paradox as well as the behavioral phenomena presented here?  
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The identification of several NMDA receptor subtypes with different 

functional roles and different patterns of expression during the perinatal period may 

also eventually reveal aspects of the ketamine paradox’s physiological substrate [43-

54]. Could a drug-induced change in the population and/or distribution of NMDA 

receptor subtypes mediate the ketamine paradox as well as long-term behavioral 

effects? The current data do not address this point directly. However, NR2B NMDA 

receptors (which are known to be involved in learning, in general, and taste memory 

formation, in particular) [55, 56, 57] have been identified as being especially sensitive 

to upregulation following pharmacological antagonism [58, 59]. Further, other 

laboratories have reported that NMDA exposure can produce a reduction in NMDA 

receptors within 4 hours of exposure [60]. Our data suggest the potential usefulness of 

studies aimed at correlating ketamine-induced changes in NMDA receptor subtype 

populations with behavioral outcomes recorded at several times in development. Such 

experiments are currently underway in our laboratory. 

It should also be noted that ketamine can influence maternal and fetal 

physiology in ways that go beyond the drug’s well-known effects on NMDA 

glutamate receptors [1]. Pulmonary vasodilator responses have been recorded 

following ketamine administration [61]. The drug can also alter uterine tone in 

pregnant ewes by increasing cardiac output and mean arterial pressure [62]. Although 

these cardiovascular effects were slight and transient, they may have contributed in 

yet-unknown ways to some of the long-term behavioral changes we report here. 

Likewise, ketamine not only affects NMDA receptors but may also inhibit non-

NMDA glutamate receptors [63], the high-affinity states of the dopamine D2 receptor, 

and other G-protein-linked receptors [64]. While ketamine’s actions on NMDA 

receptors are certainly prominent, acute changes in vascular tone and the drug’s 
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actions on other brain receptors are capable of influencing fetal development in ways 

not addressed by the current experiments. 

If early ketamine exposure influences NMDA receptor populations or 

functioning, post-synaptic second messenger pathways would also be engaged as 

mediators of behavioral change [65]. Downstream calcium and calmodulin signaling, 

calcium-dependent kinases, and ultimately changes in gene expression are known to 

produce synaptic restructuring [66]. This cascade of NMDA-receptor-initiated 

biochemical events provides a likely avenue for further investigation as we examine 

the physiological substrate of the behavioral phenomena described here. 

The variables of subject age and ketamine dose interact in complex ways to 

produce predictions of neurotoxicity. If NMDA antagonists are used to suppress 

neuronal activity during a critical developmental period of synaptogenesis, the timing 

and sequence of synaptic connection is disrupted [67]. This causes neurons to receive 

an internal signal to commit suicide – a form of programmed cell death called 

apoptosis [68]. Ketamine, and other NMDA receptor blocking drugs, are reported to 

produce these neurotoxic effects [69] under certain circumstances. In the rat, the 

period of brain sensitivity is largely confined to the postnatal period (i.e., from P1 to 

P14) [70]. Our single dose of ketamine was administered on either E18 or E19, i.e., 

subject ages that, to the best of our knowledge, have not been systematically 

manipulated in studies aimed at investigating ketamine’s ability to produce apoptosis. 

These studies should be done to confirm the role that apoptosis may/may not play in 

producing the long-term behavioral changes we report here. 

In addition to subject age, the dose of ketamine is another important factor in 

determining the likelihood of apoptosis induction as well as the generalizability of our 

data to clinical settings. In order to produce an increase in apoptotic neurons in 
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neonatal rats, ketamine must be administered in multiple injections over a period of 9 

hours [13]. Our study used a single dose of ketamine (delivered to a pregnant rat) that 

was significantly higher (100 mg/kg) that those used previously in neonates [69]. 

However, from previous biochemical studies we know that our dosing regimen in 

pregnant rats [27] produced a concentration of fetal brain ketamine roughly 

comparable to that seen in blood following repeated doses of 20 mg/kg administered 

to neonatal rats (14 µg/g) [69]. These blood levels were approximately seven-fold 

greater than anesthetic blood levels in humans [71, 72]. Therefore, by extrapolation, 

we may predict that our dose of ketamine produced tissue levels of the drug that 

significantly exceeded those typically produced in human patients who encounter the 

drug in a clinical setting. Of course, this does not eliminate the possibility that the 

human recreational use of ketamine (street name: “Special K”) [68] may produce 

blood and brain levels that are significantly higher than those encountered in the 

clinic. Nor does it exclude the possibility of differing drug sensitivities of rats and 

humans. Both these factors will influence the clinical relevance of the studies reported 

here. 

 

Conclusions  
 These studies were aimed at determining the long-term behavioral effects of 

ketamine administration on E18 and E19 as a means of assessing the durability, 

intensity and generalizability of the ketamine paradox [21].  Our previous work 

indicated that ketamine administration enhanced the formation of a conditioned taste 

aversion in E18 fetuses but not those treated on E19 or later [20, 21, 22, 29].  The 

current data reveal several subtle, but consistent, residual behavioral changes 

produced by of a single large dose of ketamine administered during the rat’s late pre-



 17 

natal period. In terms of ketamine effects on spontaneous locomotion, we found that, 

irrespective of the day of fetal dosing employed, ketamine reduced horizontal 

movements when animals were tested on P11. However, when the animals were 

tested later, on P60, rats that had received ketamine on E18 differentiated themselves 

from the E19 ketamine-treated animals (and saline-treated controls) by exhibiting an 

increase in locomotion – especially in the early minutes of behavioral testing in the 

open field. Ketamine’s long-term influence on water maze learning/retention was 

limited in scope, but palpable, on the first trial of the P81 test. 

Despite the reliable enhancement of CTA learning that has been reported in 

fetuses and neonates treated with ketamine on E18 [29], this same dosing regimen 

produced limited improvements in learning/retention of a water maze when the 

animals were tested as young adults. The usefulness of ketamine as a cognitive 

enhancer, administered in the perinatal period, appears to be limited not only by its 

known toxic effects at critical stages of development [68] but also by its influence on 

spontaneous movement and the drug’s weak memory-enhancing properties over the 

long term. 

Methods 

Subjects 

 The subjects were Sprague-Dawley rats (male and female) obtained from 

timed pregnant female rats supplied by Zivic Laboratories (Zelienople, PA).  Litters 

(N = 2/treatment group) were not culled and ranged in size from 9 to 13 pups. [See 

behavioral testing sections below for details about the number of animals in each 

treatment group.] The variable number of subjects/group was due to different litter 

sizes and several logistical constraints that did not always allow the testing of all rats 

in each litter. Statistical adjustments were made in order to compensate for the 
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unequal Ns in the treatment groups (see below). The date of conception (i.e., the date 

a vaginal plug was first detected) was designated as “embryonic day 0” (E0).  

Postnatal day 0 (P0) was the day of birth (typically E21.5). The pregnant animals 

from which our subjects were derived were individually housed in plastic ‘shoe-box’ 

cages (44.45 cm long x 21.59 cm wide x 20.32 cm high).  After birth, perinatal rats 

were housed with the dam until they were sexed and weaned between P21-25 (this is 

within recommended weaning dates, see [73], at which point the pups were group-

housed (separated by sex) in the standard-sized cages described above. Throughout 

the experiment home cage temperature was maintained at 23-26°C under a 12:12-h 

light:dark cycle (lights on at 0600 h). 

The Baldwin-Wallace College Institutional Animal Care and Use Committee 

approved these experiments. The animals involved in this study were procured, 

maintained and used in accordance with the Animal Welfare Act and the Guide for 

the Care and Use of Laboratory Animals, prepared by the Institute of Laboratory 

Animal Resources – National Research Council.  

Drug treatments 

Pregnant dams received ketamine HCl (100 mg/kg, i.p.; Sigma Chemical 

Company), or an equal volume of physiological saline, (0.9% NaCl, i.p.) on either 

E18 or E19.  Saline injections controlled for the stress of pre-natal manipulation. 

Thus, there were 4 treatment groups designated hereafter as follows: E18/ketamine, 

E18/saline, E19/ketamine, or E19/saline. Rats from two litters were used in each of 

the treatment groups. In order to separate out treatment effects from litter effects 

special statistical measures were employed (see Statistical Analyses, below) [35, 36]. 

The dose of ketamine employed (100 mg/kg, i.p.) was selected based on previous 

experiments [21] in which the drug produced very different behavioral effects when 
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administered to E18 or E19 fetuses through the maternal circulation. Using high-

pressure liquid chromatography (HPLC) measures we have previously determined the 

level of ketamine (approximately 14 µg/g tissue) found in the brains of fetuses 

following a maternal injection of 100 mg/kg ketamine during the late pre-natal period 

[27].   

Behavioral testing 

 We recorded performance in a water maze and also spontaneous locomotor 

movements in an open field. Each of these behavioral tests was conducted twice, i.e., 

once in each of two different time periods: Juvenile Period (pre-pubertal), within the 

first three weeks after birth and Young-adult Period (post-pubertal), between 2-3 

months of age. We selected these two behavioral test periods based on knowledge of 

the patterns of development of NMDA receptor subtypes. The NR2B receptor subtype 

has been implicated in learning and memory [55]. These receptors are present during 

the late pre-natal period and they rise steadily up to P20 when they achieve adult 

levels [43, 74]. Therefore, our behavioral measures sampled times both before and 

after maturation of this receptor system. The behavioral tests conducted within the 

juvenile or post-pubertal periods were separated in time (by a minimum of 1 week) to 

reduce the influence of one on the other.  

Most, but not all, animals were tested and then retested. However, statistical 

analyses indicated that there were no differences between the animals that were tested 

once or twice. Therefore, these groups were combined for subsequent statistical 

analyses. Additional behavioral testing (i.e., conditioned taste aversion) was 

performed on some of these animals but there were some logistical problems with the 

experiment. These data did not reveal reliable group differences and are not reported 

here. 
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 Water maze: At age P18, and then again at P81, we evaluated water maze 

performance by testing the following number of rats per group: P18: E18/ketamine: 

(N = 12); E18/saline: (N = 16); E19/ketamine: (N = 14); E19/saline: (N = 15); P81: 

E18/ketamine: (N = 12); E18/saline: (N = 22); E19/ketamine: (N = 17); E19/saline: 

(N = 20).  Our data corroborate other studies indicating that rats younger than P20 are 

capable of learning a water maze [75, 76].   

The water maze was an oval stock-watering tank (manufactured by 

Rubbermaid, Inc.) measuring 94 cm x 74 cm x 60 cm deep.  It was sized to shorten 

swim distances to the hidden platform and reduce the likelihood of fatigue in our 

young animals. The tank was filled to 39.5 cm (1 cm above a hidden platform) with 

water that was made opaque and white by adding 710 ml of evaporated milk (Nestle
’
s 

Carnation


 brand). The water temperature was maintained at 26+ 1° C.  The escape 

platform was a clear plastic disc (12.5 cm diameter x 1.2 cm) mounted on a stand.  

The platform remained in the same location (approximately 10 cm from the side of 

the tank) throughout the test session.  The edges of the platform had white rubberized 

tape attached in order to aid the rats as they mounted it.  The tank was in a room 

lighted with fluorescent lights and surrounded by a rich array of laboratory 

furnishings.  

All test sessions were video recorded and the tapes were later used for analysis 

of latency to escape, stop time, time on platform, path length and swim speed (see 

Statistical Analyses below). “Escape latency” was defined as the time (in seconds) it 

took the rat, once in the water, to mount and gain balance on the platform. “Stop 

time” was the total time/trial that subjects spent treading water (i.e., not making 

forward progress). “Time on the platform” was defined as the time (up to 30 sec) the 

animal remained on the platform after initial mounting. “Path length” was the total 
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distance (cm) swum before the subject mounted the platform. “Swim speed” was 

expressed in cm/sec and reflected the rate of forward progress towards the platform.  

At the beginning of each water maze test session, a rat was placed in the water 

facing the wall of the tank opposite the one near the hidden platform. A swim trial 

lasted until the rat reached the hidden platform or until 90 seconds had passed. If the 

animal reached the platform in the allotted 90 seconds, it was allowed to remain on 

the platform for up to 30 seconds and was then returned to a holding cage (a dry, 

plastic “shoe-box” cage). The holding cage sat upon a heating pad set at 33.5
o 
C., 

producing a floor temperature of approximately 28.5+1
o
C. If the animal did not reach 

the platform in 90 seconds it was removed from the water and returned to the cage. If 

the animal jumped off the platform before 30 seconds, it was removed from the water 

and returned to its holding cage. All rats were given a 60-second rest period before the 

next trial was initiated.  Each rat experienced ten swim trials during each of the two 

test sessions. At the end of the 10 trials, each rat was thoroughly dried with a towel 

and a blow dryer and then returned to its home cage. Escape latencies and time on the 

hidden platform were recorded for each trial.  

Spontaneous locomotion: At age P11, we measured the spontaneous 

locomotor activity of the following number of rat pups in each group: E18/ketamine: 

(N = 18); E18/saline: (N = 25); E19/ketamine: (N = 21); E19/saline: (N = 24). The 

test chamber consisted of a plastic ‘shoe-box’ cage (44.45 cm long x 21.59 cm wide x 

20.32 cm high) with transparent walls and open top. This chamber had a grid on its 

floor composed of 3 x 6 squares (each measuring 7.1cm x 7.1cm). Young rats have 

limited abilities to thermoregulate [77]. Therefore, the activity chamber was placed on 

a heating pad set at 33.5
o 
C., producing a floor temperature of approximately 

28.5+1
o
C. An individual pup was initially positioned in the center square of the 
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chamber.  Locomotor activity was recorded for 30 minutes. Test sessions were video 

recorded and tapes were later scored (see below). After each session, the animal was 

weighed and then returned to its home cage. In preparation for the next animal, the 

activity chamber was cleaned by spraying the cage with 50% ETOH, wiping it clean 

with paper towels, and allowing it to air-dry for approximately 10 minutes. 

At age P60, we again measured the spontaneous locomotor activity of the 

following number of rats in each group: E18/ketamine: (N = 12); E18/saline: (N = 

21); E19/ketamine: (N = 17); E19/saline: (N = 22). For this second test, a larger test 

chamber (64cm long x 46 cm wide x 42 cm high) was used.  The walls were opaque 

plastic and the top open. This chamber had a grid on its floor that consisted of 3 x 3 

rectangles (each measuring 21 cm x 15 cm). As before, rats were individually placed 

in the center square of the chamber at the beginning of the 30-minute test session. 

After each session, the animal was weighed and then returned to its home cage. In 

preparation for the next animal, the activity chamber was cleaned as described above. 

Videotapes of locomotor movements were later viewed and independently 

scored by observers blind to the experimental condition of the animal. We counted 

line crossings to assess the amount of horizontal locomotion exhibited by each 

animal. A “line-cross” was counted when any part of the rat, except the tail, crossed a 

line. Rearing was operationally defined as any time the rat raised both front paws 

from the chamber floor.  In P11 rats, rearing was very rare and therefore not scored. 

However, this behavior was recorded during the P60 test.  

Statistical analyses 

 

Escape latencies and time on the hidden platform were recorded for each trial 

in the water maze. Group differences in water maze performance were most evident 

early in training. After the first few trials, rats in all treatment groups moved promptly 



 23 

to the hidden platform with a latency of less than 20 seconds. For this reason, our 

statistical analyses focused on the initial trials of each session. Animals removed from 

the maze after not finding the hidden platform in 90 seconds were, nevertheless, 

assigned a time of 90 seconds for purposes of data analysis.  

Swim distances, swim speeds, and time spent treading water (stop times) were 

also calculated for the first 3 swim trials. Towards this end, videotapes were viewed 

and independently evaluated by raters blind to the experimental condition of the 

animal. Swim paths were hand-drawn on acetate placed on a video screen during 

playback of the videotape. The paths were digitized using a light pen providing input 

to NIH Image software (Bethesda, MD). The lengths of the paths were compared with 

a calibrated length on the video record in order to calculate the swim distance. An 

evaluation of the inter-rater reliability of our video scoring methods indicated a high 

correlation [r (10) = 0.924, p < 0.001]. These methods produced swim distances that 

were not significantly different [t (9) = 1.02, p > 0.05] between observers. For some 

of our swim speed analyses, we subtracted out any time that the animal stopped 

swimming mid-trial, and treaded water at the side of the tank. Dividing the swim 

distance by the adjusted time to mount the hidden platform produced swim speed.   

Two observers, blind to the experimental condition of the animals, evaluated 

each of the tapes of animals locomoting in the open field by counting line crossings 

and rears. The counts of these 2 observers were then averaged and this data point was 

used in our statistical analysis. There was high degree of correlation between the 

ratings of our 2 observers. P11 locomotor test: r(85) = 0.91, p < 0.01; P60 locomotor 

test: r(72) = 0.90, p < 0.01. 

Unless otherwise stated, locomotor data for the two different test periods (P11 

and P60) and water maze data for the 2 different test periods (P18 and P81) were 
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analyzed via separate repeated-measures, three-way ANOVAs [Drug (100 mg/kg 

ketamine HCl, saline control) X Treatment age (E18, E19) X Time] with time blocks 

as the repeated factor and compensation for unequal Ns.  

We used several rats from each litter and employed statistical corrections in 

order to avoid spurious inflation of sample size [35]. Since all the rats in a particular 

litter received the same drug treatment, we included litter as an independent and 

nested factor in the analysis. This approach controls for litter effects and offers a 

direct statistical test of the significance of such effects [35]. Denenberg [36] has 

recommended this procedure to allow the partitioning of litter and treatment effects 

and thereby allowing investigators to make use of the data from multiple animals in a 

litter. When significant litter effects were detected, we used the Mean Square (MS) 

associated with the litters as the error term rather than the MS of the subjects. 

However, if there was not a statistically significant litter effect, the data were 

subsequently reanalyzed without this component as part of the general linear model 

(GLM; software provided by SAS
TM

, SAS Institute, Carey, NC; and, SPSS
TM

 Inc., 

Chicago, IL).  

An initial inclusion of subject sex as a factor in our statistical analyses 

indicated no significant differences between male and female subjects. Therefore, the 

subsequent analyses reported here were run without this factor.  

Platform navigation for juvenile rats might be more challenging than the task 

presented to older rats. A small water maze was used in these studies and the same 

start-to-platform distance was used for all tests. Still, the P18 rat may have found it 

significantly more challenging than the P81 rat to traverse this distance. For this 

reason, we intentionally avoided comparing the water maze data of our juvenile and 

young-adult rats. Likewise, we did not make statistical comparisons between the 
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locomotor responses of animals run at the 2 different ages since the use of different-

sized apparatuses would presumably influence these data. 

If a repeated-measure ANOVA revealed a significant trial effect (indicating a 

change over time) a two-way ANOVA [Drug (100 mg/kg ketamine HCl, saline 

control) X Treatment age (E18, E19)] was run to analyze the group differences during 

a particular trial. Individual group comparisons were accomplished by using either the 

Tukey-Kramer Multiple Comparisons Test or t-tests [78] using the Bonferroni 

compensation for multiple comparisons. Our previous studies with ketamine-treated 

fetuses lead us to a priori hypotheses regarding possible behavioral differences 

between rats treated with ketamine on E18 versus E19 [21]. When a priori planned 

comparisons were made, one-tail probabilities were computed. An α = 0.05 was used 

throughout these analyses presented here. 

 



 26 

Authors' contributions 

GAM designed the studies, performed some of the behavioral work, 

conceptualized the statistical analyses and drafted the manuscript. CK helped design 

the studies, performed most of the behavioral work, assisted with statistical analyses 

and the drafting of the manuscript. CM supervised most of the behavioral work, 

assisted with statistical analyses and the drafting of the manuscript. AS supervised 

and performed much of the behavioral work. AY performed most of the behavioral 

work. DL-F assisted with the statistical analyses. EV assisted with the behavioral 

work. BW assisted with the behavioral work. JMB performed aspects of the 

behavioral work and assisted with the drafting of the manuscript. 

 

Acknowledgements  
The authors are very grateful for the excellent technical assistance provided 

by: C. Dengler, J. Francway, B. Girdler, S. Howsen, N. Hoxha, Z. Hoxha, B. Kudla, 

D. Lee, A. J. Marcano-Reik, K. Michel, S. Pankuch, D. Revta, E. Sierko, B. Stanton, 

E. Valentine, C. Voight, J. Wellman, J. Wickham and J. Yocom. The idea for these 

studies evolved out of some early discussions with Dr. Charles Levin. Portions of 

these data were presented at the Society for Neuroscience meeting, Orlando, FL, 

2002. The National Science Foundation supported the experiments: Award 9514799. 

 

 

References 
1. White PF, Way WL, Trevor AJ:  Ketamine - its pharmacology and therapeutic 

uses. Anesthesiology 1982, 56: 119-136. 

 



 27 

2. Spandou E, Karkavelas G, Soubasi V, Avgovstides-Savvopoulou P, Loizidis T, 

Guiba-Tziampiri O:  Effect of ketamine on hypoxic ischemic brain damage in 

newborn rats. Brain Res 1999, 819: 1-7. 

 

3. Olney JW, Labruyere J, Price MT:  Pathological changes induced in 

cerebrocortical neurons by phencyclidine and related drugs.  Science 1989, 244: 

1360-1362. 

 

4. Alessandri B, Battig K, Welzl H:  Effects of ketamine on tunnel maze and water 

maze performance in the rat. Behav Neural Bio 1985, 52: 194-212. 

 

5. Escobar ML, Alcocer I, Chao V:  The NMDA receptor antagonist CPP impairs 

conditioned taste aversion and insular cortex long-term potentiation in vivo. 

Brain Res 1998, 812: 246-251. 

 

6. Kim M, McGaugh JL:  Effects of intra-amygdala injections of NMDA receptor 

antagonists on acquisition and retention of inhibitory avoidance. Brain Res 1992, 

585: 35-48. 

 

7. Wesierska M, Macias-Gonzalez R, Bures J:  Differential effect of ketamine on 

the reference and working memory versions of the Morris water maze task. 

Behav Neurosci 1990, 104: 74-83. 

 



 28 

8. Farber NB, Wozniak DF, Price MT, Labruyere J, Huss J, St. Peter H, Olney JW:  

Age-specific neurotoxicity in the rat associated with NMDA receptor blockade: 

potential relevance to schizophrenia. Bio Psychiatry 1995, 38: 788-796. 

 

9. Horvath ZC, Czopf J, Buzsaki G:  MK-801-induced neuronal damage in rats.  

Brain Res 1997, 753: 181-195. 

 

10. Jevtovic-Todorovic V, Kirby CO, Olney JW:  Isoflurane and propofol block 

neurotoxicity caused by MK-801 in the rat posterior cingulate/retrosplenial 

cortex.  J Cereb Blood Flow Metab 1997, 17: 168-174. 

 

11. Jevtovic-Todorovic V, Wozniak DF, Benshoff ND, Olney JW:  A comparative 

evaluation of the neurotoxic properties of ketamine and nitrous oxide. Brain Res 

2001, 895: 264-267. 

 

12. Olney JW, Farber NB, Wozniak DF, Jestovic-Todorovic V, Ikonomidou C:  

Environmental agents that have the potential to trigger massive apoptotic 

neurodegeneration in the developing brain.  Environ Health Perspect 2000, 108: 

383-388. 

 

13. Ikonomidou C, Bosch F, Miksa M, Bittigau P, Vockler J, Dikranian K, Tenkova 

TI, Stefovska V, Turski L, Olney JW:  Blockade of NMDA receptors and apoptotic 

neurodegeneration in the developing brain.  Science 1999, 283: 70-74. 

 



 29 

14. Ikonomidou C, Bittigau P, Koch C, Genz K, Hoerster F, Felderhoff-Muesser U, 

Tenkova T, Dikranian K, Olney JW:  Neurotransmitters and apoptosis in the 

developing brain.  Pharmacol Biochem Behav 2001, 62: 401-405. 

 

15. Wang C, McInnis J, Ross-Sanchez M, Shinnick-Gallagher P, Wiley JL, Johnson 

KM:  Long-term behavioral and neurodegenerative effects of perinatal 

phencyclidine administration: implications for schizophrenia.  Neuroscience 

2001, 107: 535-550. 

 

16. Gorter JA, Veerman M, Mirmiran M, Bos NPA, Corner MA:  Spectral analysis 

of the electroencephalogram in neonatal rats chronically treated with the NMDA 

antagonist MK-801. Dev Brain Res 1991, 64: 37-41. 

 

17. Gorter JA, Titulaer M, Bos NPA, Huisman E:  Chronic neonatal MK-801 

administration leads to a long-lasting increase in seizure sensitivity during the 

early stages of hippocampal kindling.  Neurosci Lett 1991, 134: 29-32. 

 

18. Gorter JA, de Bruin JPC:  Chronic neonatal MK-801 treatment results in an 

impairment of spatial learning in the adult rat.  Brain Res 1992, 580: 12-17. 

 

19. Smotherman WP, Robinson SR:  The rat fetus in its environment:  Behavioral 

adjustments to novel, familiar, aversive, and conditioned stimuli presented in 

utero.  Behav Neurosci 1985, 99: 521-530. 

 



 30 

20. Mickley GA, Remmers-Roeber DR, Crouse C, Peluso R:  Ketamine blocks a 

taste-mediated conditioned motor response in perinatal rats. Pharmacol Biochem 

Behav 2000, 66: 547-552. 

 

21. Mickley GA, Remmers-Roeber DR, Dengler CM, Kenmuir CL, Crouse C:  

Paradoxical effects of ketamine on the memory of fetuses of different ages. Dev 

Brain Res 2001, 127: 71-76. 

 

22. Mickley GA, Lovelace JD, Farrell ST, Chang KS:  The intensity of a fetal taste 

aversion is modulated by the anesthesia used during conditioning. Dev Brain Res 

1995, 85: 119-127. 

 

23. Mickley GA, Ferguson LJ, Nemeth TJ:  Serial injections of MK801 

(Dizocilpine) in neonatal rats reduce behavioral deficits associated with x-ray-

induced hippocampal granule cell hypoplasia. Pharmacol Biochem Behav 1992, 

43: 785-793. 

 

24. Maier DL, Kalb RG, Stelzner DJ:  NMDA antagonism during development 

extends sparing of hindlimb function in older spinally transected rats. Dev Brain 

Res 1995, 87: 135-144. 

 

25. Wangen K, Myhrer T, Moldstad JN, Iversen EG, Ronnum F:  Modulatory 

treatment of NMDA receptors in neonatal rats affects cognitive behavior in adult 

age. Dev Brain Res 1997, 99: 126-130. 

 



 31 

26. Kurumaji A, Aihara O, Yamada S, Toru M:  Increased DOI-induced head 

shaking in adult rats neonatally treated with MK-801.  Dev Brain Res 2000, 124: 

125-127. 

 

27. Mickley GA, Schaldach MA, Snyder KJ, Balogh SA, Len T, Nemanis K, Goulis 

P, Hug J, Sauchak K, Remmers-Roeber DR, Walker C, Yamamoto BK:  Ketamine 

blocks a conditioned taste aversion (CTA) in neonatal rats. Physiol Behav 1998, 

64: 381-390. 

 

28. Jett DA, Kuhlmann AC, Farmer SJ, Guilarte TR:  Age-dependent effects of 

developmental lead exposure on performance in the Morris water maze. 

Pharmacol Biochem Behav 1997, 57: 271-279. 

 

29. Beninger RJ, Jhamandas A, Aujla H, Xue L, Dagnone RV, Boegman RJ, 

Jhamandas K:  Neonatal exposure to the glutamate receptor antagonist MK-801: 

Effects on locomotor activity and pre-pulse inhibition before and after sexual 

maturity in rats. Neurotox Res 2002, 4: 477-488. 

 

30. Cain DP, Saucier D, Boon F:  Testing hypotheses of spatial learning: the role 

of NMDA receptors and NMDA-mediated long-term potentiation. Behav Brain 

Res 1997, 84: 179-193. 

 

31. Czepita D, Daw NW:  The contribution of NMDA receptors to the visual 

response in animals that have been partially monocularly deprived. Brain Res 

1996, 728: 7-12. 



 32 

 

32. Kwon YH, Nelson SB, Toth LJ, Sur M:  Effect of stimulus contrast and size on 

NMDA receptor activity in cat lateral geniculate nucleus. J Neurophysiol 1992, 

68: 182-196. 

 

33. Huang L, Pallas SL:  NMDA antagonists in the superior colliculus prevent 

developmental plasticity but not visual transmission or map compression. J  

Neurophysiol 2001, 86: 1179-1194. 

 

34. Daw NW, Gordon B, Fox KD, Flavin HJ, Kirsch JD, Beaver CJ, Ji Q, Reid SN, 

Czepita D:  Injection of MK-801 affects ocular dominance shifts more than visual 

activity. J Neurophysiol 1999, 81: 204-215. 

 

35. Holson RR, Pearce B:  Principles and pitfalls in the analysis of prenatal 

treatment effects in multiparous species. Neurotoxicol Teratol 1992, 14: 221-228. 

 

36. Denenberg VH:  Statistics and Experimental Design for Behavioral and 

Biological Researchers: An Introduction. New York:  John Wiley & Sons; 1976. 

 

37. Mickley GA, Remmers-Roeber DR, Crouse C, Peluso R: Ketamine blocks a 

taste recognition memory in fetal rats. Pharmacol Biochem Behav 2000, 67: 575-

581. 

 



 33 

38. Gironi Carnevale UA, Vitullo E, Sadile AG: Post-trial NMDA receptor 

allosteric blockade differentially influences habituation of behavioral responses 

to novelty in the rat. Behav Brain Res 1990, 39: 187-195. 

 

39. Hestrin S:  Developmental regulation of NMDA receptor-mediated synaptic 

currents at a central synapse. Nature 1992, 357: 686-689. 

 

40. Ben-Ari Y, Cherubini E, Krnjevic K:  Changes in voltage dependence of NMDA 

currents during development. Neurosci Lett 1988, 94: 88-92. 

 

41. Sircar R:  Developmental maturation of the NMDA acid receptor channel 

complex in postnatal rat brain. Int J Dev Neurosci 2000, 18: 121-131. 

 

42. Sircar R, Zukin SR:  Ontogeny of sigma opiate/phencyclidine-binding sites in 

rat brain. Life Sci 1983, 33: 255-258. 

 

43. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH:  Developmental 

and regional expression in the rat brain and functional properties of four NMDA 

receptors. Neuron 1994, 12: 529-540. 

 

44. Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi S:  Molecular 

cloning and characterization of the rat NMDA receptor. Nature 1991, 354: 31-37. 

 



 34 

45. Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H, Burnashev 

N, Sakmann B, Seeburg PH:  Heteromeric NMDA receptors:molecular and 

functional distinction of subtypes. Science 1992, 256: 1217-1221. 

 

46. Nakanishi S:  Molecular diversity of glutamate receptors and implications for 

brain function.  Science 1992, 258: 597-603. 

 

47. Ishii T, Moriyoshi K, Sugihara H, Sakurada K, Kadontani H, Yoloi M, Akazawa 

C, Shigemoto R, Mizuno N, Masu M, Nakanishi S:  Molecular characterization of 

the family of the N-methyl-D-aspartate receptor subunits.  J Bio Chem 1993, 268: 

2836-2843. 

 

48. Akazawa C, Shigemoto R, Bessho Y, Nakanishi S, Mizuno N:  Differential 

expression of five NMDA receptor subunit mRNAs in the cerebellum of 

developing and adult rats. J Comp Neurol 1994, 347: 150-160. 

 

49. Scheetz AJ, Constantine-Paton M:  Modulation of NMDA receptor function: 

Implications for vertebrate neural development.  FASEB 1994, 8: 745-752. 

 

50. Riva MA, Tascedda F, Molteni R, Racagni G:  Regulation of NMDA receptor 

subunit mRNA expression in the rat brain during postnatal development. Mol 

Brain Res 1994, 25: 209-216. 

 



 35 

51. Zhong J, Carrozza DP, Williams K, Dolan PB, Molinoff PB:  Expression of 

mRNAs encoding subunits of the NMDA receptor in developing rat brain. J 

Neurochem 1995, 64: 531-539. 

 

52. Wenzel A, Fritschy JM, Mohler H, Benke D:  NMDA receptor heterogeneity 

during postnatal development of the rat brain: differential expression of the 

NR2A, NR2B, and NR2C subunit proteins.  J Neurochem 1997, 68: 469-478. 

 

53. Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY:  Changing composition of 

heteromeric NMDA receptors during development of rat cortex. Nature 1994, 

368: 44-147. 

 

54. Cull-Candy S, Brickley S, Farrant M: NMDA receptor subunits: Diversity, 

development and disease. Cur Opin Neurobiol 2001 11: 327-335. 

 

55. Tang YP, Shimizu E, Dube GR, Rampoon C, Kerchner GA, Zhuo M, Liu G, 

Tsien JZ:  Genetic enhancement of learning and memory in mice. Nature 1999, 

401: 63-69. 

 

56. Rosenblum K, Dudai Y, Richter-Levin G:  Long-term potentiation increases 

tyrosine phosphorylation of the NMDA receptor subunit 2B in rat dentate gyrus 

in vivo. Proc Nat Acad Sci 1996, 93: 10457-10460. 

 



 36 

57. Rosenblum K, Berman DE, Hazvi S, Lamprecht R, Dudai Y:  NMDA receptor 

and the tyrosine phosphorylation of its 2B subunit in taste learning in the rat 

insular cortex.  J Neurosci 1997, 17: 5129-5135. 

 

58. Williams K, Russell SL, Shen YM, Molinoff PB:  Developmental switch in the 

expression of NMDA receptors occurs in vivo and in vitro. Neuron 1992, 10: 267-

278. 

 

59. Follesa P, Tictu MN:  NMDA receptor upregulation: molecular studies in 

cultured mouse cortical neurons after chronic antagonist exposure. J Neurosci 

1996, 16: 2172-2178. 

 

60. Resink A, Villa M, Benke D, Hidaka H, Mohler H, Balazs R: Characterization 

of agonist-induced down regulation of NMDA receptors in cerebellar granule cell 

cultures. J Neurochem 1996, 66: 369-377. 

 

61. Kaye AD, Banister RE, Fox CJ, Ibrahim, IN, Nossaman BD: Analysis of 

ketamine responses in the pulmonary vascular bed of the cat. Crit Care Med 

2000, 28: 1077-1082. 

 

62. Craft JB, Coaldrake LA, Yonekura ML, Dao SD, Co EG, Roizen MF, Mazel P, 

Gilman R, Shokes L, Trevor AJ: Ketamine, catecholamines, and uterine tone in 

pregnant ewes. Am J Obstet Gynecol 1983, 146: 429-434. 

 



 37 

63. Leong D, Puil E, Schwarz D: Ketamine blocks non-N-methyl-D-aspartate 

receptor channels attenuating glutamatergic transmission in the auditory cortex. 

Acta Otolartngol 2004 124: 454-458. 

 

64. Seeman P, Kapur S: Anesthetics inhibit high-affinity states of dopamine D2 

and other G-linked receptors. Synapse 2003 50: 35-40. 

 

65. Purves D, Augustine GJ, Fitzpatrick D, Hall, WC, LaMantia, A-S, McNamara, 

JO, Williams, SM (Eds): Neuroscience, 3
rd

 Edition. Sunderland: Sinauer Associates; 

2004. 

 

66. Gnegy ME: Ca2+/calmodulin signaling in NMDA-induced synaptic plasticity. 

Crit Rev Neurobiol 2000 14: 91-129. 

 

67. Farber NB, Olney JW: Drugs of abuse that cause developing neurons to 

commit suicide. Dev Brain Res 2003 147: 37-45. 

 

68. Olney JW: New insights and new issues in developmental neurotoxicology. 

NeuroToxicology 2002 23: 659-668. 

 

69. Scallet AC, Schmued LC, Slikker W, Grunberg N, Faustino PJ, Davis H, Lester 

D, Pine PS, Sistare F, Hanig JP: Developmental neurotoxicology of ketamine: 

Morphometric confirmation, exposure parameters, and multiple fluorescent 

labeling of apoptotic neurons. Toxicol Sci 2004 81: 364-370. 

 



 38 

70. Dobbing J, Sands J: The brain growth spurt in various mammalian species. 

Early Human Dev 1979 3: 79-84. 

 

71. Malinovsky JM, Servin F, Cozian A, Lepage JY, Pinaud M: Ketamine and 

norketamine plasma concentrations after i.v., nasal and rectal administration in 

children. Br J Anaesth 1966 77: 203-207. 

 

72. Mueller RA, Hunt R: Antagonism of ketamine-induced anesthesia by an 

inhibitor of nitric oxide synthesis: A pharmacokinetic neurotoxicology. 

Neurotoxicology 1998 60: 15-22. 

 

73. Orlans FB:  Animal Care from Protozoa to Small Mammals. Menlo Park. 

California: Addison-Wesley Publishing Company; 1977. 

 

74. Portera-Cailliau C, Price DL, Martin LJ:  NMDA receptor proteins NR2A and 

NR2B are differentially distributed in the developing rat central nervous system 

as revealed by subunit specific antibodies. J Neurochem 1996, 66: 692-700. 

 

75. Kraemer PJ, Randall CK:  Spatial learning in preweanling rats trained in a 

Morris water maze. Psychobiology 1995, 23: 144-152. 

 

76. Casolini P, Cigliana G, Alema GS, Ruggieri V, Angelucci L, Catalani A:   Effect 

of increased maternal corticosterone during lactation on hippocampal 

corticosteroid receptors, stress response and learning in offspring in the early 

stages of life. Neuroscience 1997, 79: 1005-1012. 



 39 

 

77. Blumberg MS, Sokoloff G:  Thermoregulatory competence and behavioral 

expression in the young of altricial species – revisited. Dev Psychobiol 1998, 33: 

107-123. 

 

78. Kirk RE:  Experimental Design: Procedures for the Behavioral Sciences. 2nd 

Edition.  California: Brooks/Cole; 1982. 



 40 

 

Figures 

Figure 1 - Time to mount a hidden platform during the first (juvenile; panel A) 

and second (young-adult; panel B) water maze test. Rats were treated (through the 

maternal circulation) with either 100 mg/kg ketamine HCl (i.p.) or saline on either E18 or E19 

and then tested later on P18 and P81. The data presented here illustrate raw latencies without 

taking into account the time the animals spent treading water (i.e., not making forward 

progress). Panel A: P18 rats generally decreased their latencies to mount the hidden platform 

over the 10 trials. This effect was most prominent over the first 3 trials. The behavioral 

changes induced by drug or age manipulations were not statistically significant. Panel B: P81 

rats all readily re-learned the location of the hidden platform as there was a significant 

reduction in time to mount the platform over the 10 trials. The analysis (see text) also 

revealed a significant Age X Drug interaction which was most prominent on trial 1 (see also 

Figure 3). Data were analyzed using a three-way ANOVA [Drug (100 mg/kg ketamine HCl, 

saline control) X Treatment age (E18, E19) X Time] with time blocks as the repeated time 

factor and compensation for unequal Ns. Variance indicators are the Standard Error of the 

Mean (SEM). 

 

Figure 2 - Time spent treading water (i.e., not making forward progress) during 

the P18 water maze test. There was a general decline in the time spent treading water as 

the animals learned the maze. Ketamine-treated rats spent the least time exhibiting this 

behavior. Rats treated with the NMDA-receptor blocking drug on E18 stopped swimming for 

the shortest period and made more-constant progress towards the hidden platform. Data were 

analyzed using a three-way ANOVA [Drug (100 mg/kg ketamine HCl, saline control) 

X Treatment age (E18, E19) X Time] with time blocks as the repeated time factor and 
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compensation for unequal Ns. Variance indicators are the Standard Error of the Mean 

(SEM). 

 

Figure 3 - Time to mount the hidden platform (top panel) and swimming 

distance to the platform (bottom panel) during the first trial of the second 

(young-adult) water maze test. Rats were treated (through the maternal circulation) with 

either 100 mg/kg ketamine HCl (i.p.) or saline on either E18 or E19 and then tested later on 

P81. The temporal data presented here do not include time spent treading water but rather 

represent only the time that the rats were making forward progress. Ketamine-treated rats 

found the platform significantly faster than saline controls and swam shorter distances to do 

so. Group comparisons indicated that rats treated with ketamine on E18 or E19 reached the 

hidden platform significantly faster and swam shorter distances than saline-treated controls (* 

= p < 0.05; NS = non-significant group differences). Further, E18 rats treated with ketamine 

later exhibited a shorter latency to reach the hidden platform than did E19 rats treated with 

ketamine. Data were analyzed using a two-way ANOVA [Drug (100 mg/kg ketamine HCl, 

saline control) X Treatment age (E18, E19)]. Individual group comparisons were 

accomplished by using t-tests employing the Bonferroni compensation for multiple 

comparisons. Variance indicators are the Standard Error of the Mean (SEM). 

Figure 4 - Spontaneous horizontal locomotor activity of P11 rats treated 

(through the maternal circulation) with either 100 mg/kg ketamine HCl (i.p.) or 

saline on either E18 or E19.  Panel A illustrates the entire 30-minute test. In only the 

initial 5-minute observation period, rats treated with ketamine in utero crossed significantly 

fewer lines than did the saline control animals. After this initial period of habituation, 

indicators of horizontal movement declined and group scores converged. Panel B is a minute-

by-minute illustration of the first 5 minutes of locomotor activity.  In a time-dependent 

manner, rats treated with ketamine in utero crossed significantly fewer lines than did the 

control animals. Habituation to the open field is represented by a rapid decline in movement. 
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* = Significantly different from E18/saline group;  + = significantly different from E19/saline 

group. Data were analyzed using a three-way ANOVA [Drug (100 mg/kg ketamine HCl, 

saline control) X Treatment age (E18, E19) X Time] with time blocks as the repeated time 

factor and compensation for unequal Ns. If the repeated-measure ANOVA revealed a 

significant trial effect (indicating a change over time) a two-way ANOVA [Drug (100 mg/kg 

ketamine HCl, saline control) X Treatment age (E18, E19)] was run to analyze the group 

differences during a particular trial. Individual group comparisons were accomplished by 

using the Tukey-Kramer test for Multiple Comparisons. An α = 0.05 was used throughout 

these analyses. Variance indicators are the Standard Error of the Mean (SEM). 

Figure 5 – Horizontal locomotion of P60 rats treated (through the maternal 

circulation) with either 100 mg/kg ketamine HCl (i.p.) or saline on either E18 or 

E19.  Panel A illustrates the entire 30-minute test. E18 rats treated with ketamine were 

significantly more active than were animals in the other treatment groups. These effects were 

most prominent at particular time periods.  * = Significantly different from E18/saline group; 

# = significantly different from E19/ketamine group. + = significantly different from 

E19/saline group. Panel B is a minute-by-minute illustration of the first 5 minutes of 

locomotor activity. In all treatment groups, there is a significant decline in locomotion over 

the first 5 minutes of testing. There is also a significant interaction between drug treatment 

and subject age at time of treatment – indicating that rats treated with ketamine on E18 are 

more active than both E18 saline-control rats and E19 rats that received ketamine. Data were 

analyzed using a three-way ANOVA [Drug (100 mg/kg ketamine HCl, saline control) X 

Treatment age (E18, E19) X Time] with time blocks as the repeated time factor and 

compensation for unequal Ns. If the repeated-measure ANOVA revealed a significant trial 

effect (indicating a change over time) a two-way ANOVA [Drug (100 mg/kg ketamine HCl, 

saline control) X Treatment age (E18, E19)] was run to analyze the group differences during a 

particular trial. Individual group comparisons were accomplished by using the Tukey-Kramer 
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test for Multiple Comparisons. An α = 0.05 was used throughout these analyses. Variance 

indicators are the Standard Error of the Mean (SEM).  
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