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Abstract
Previously our laboratory has shown that ketamine exposure (24 hours of clinically relevant
anesthesia) causes significant increases in neuronal cell death in perinatal rhesus monkeys.
Sensitivity to this ketamine-induced neurotoxicity was observed on gestational days 120-123 (in
utero exposure via maternal anesthesia) and on postnatal days (PNDs) 5-6, but not on PNDs
35-37. In the present study, six monkeys were exposed on PND 5 or 6 to intravenous ketamine
anesthesia to maintain a light surgical plane for 24 hrs and six control animals were unexposed. At
7 months of age all animals were weaned and began training to perform a series of cognitive
function tasks as part of the National Center for Toxicological Research (NCTR) Operant Test
Battery (OTB). The OTB tasks used here included those for assessing aspects of learning,
motivation, color discrimination, and short-term memory. Subjects responded for banana-flavored
food pellets by pressing response levers and press-plates during daily (M-F) test sessions (50 min)
and were assigned training scores based upon their individual performance. As reported earlier
[47] beginning around 10 months of age, control animals significantly outperformed (had higher
training scores than) ketamine-exposed animals for approximately the next 10 months. For
animals now over 3 and one-half years of age, the cognitive impairments continue to manifest in
the ketamine-exposed group as poorer performance in the OTB learning and color and position
discrimination tasks, as deficits in accuracy of task performance, but also in response speed. There
are also apparent differences in the motivation of these animals which may be impacting OTB
performance. These observations demonstrate that a single 24-hr episode of ketamine anesthesia,
occurring during a sensitive period of brain development, results in very long-lasting deficits in
brain function in primates and provide proof-of-concept that general anesthesia during critical
periods of brain development can result in subsequent functional deficits. Supported by NICHD,
CDER/FDA and NCTR/FDA.
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1. Introduction
Our increasing ability to keep premature infants alive is resulting in an ever-increasing
population in our nation’s neonatal intensive care units: over 12% of US births are preterm
[81]. Part of this success lies in the increased number of complicated surgical and other
interventions that are brought to bear in this already-at-risk population. Many of these
procedures, as well as those carried out in term babies, infants and toddlers are performed
under various forms of anesthesia and sedation, often in combination with other potent
central nervous system therapeutics. Ketamine, like its congener phencyclidine (PCP), is a
dissociative anesthetic that acts primarily through blockade of N-methyl-D-aspartate
(NMDA)-type glutamate receptors. Unlike PCP, ketamine has been commonly used for a
variety of pediatric procedures, albeit of generally short duration [12,17,26]. Concerns over
the potential adverse effects of exposures to ketamine were piqued by the findings that
blockade of NMDA receptors by ketamine and related compounds causes robust increases in
apoptotic cell death in the rat during the brain growth spurt period [23]. These findings were
subsequently replicated and extended by others and in our own laboratories [18,60,63,85]
where it has been repeatedly demonstrated that multiple doses of ketamine given to neonatal
rat pups on Postnatal Day (PND) 7, the peak of the brain growth spurt in rats, leads to a
massive increase in apoptotic neuronal degeneration. Similar findings have also been
demonstrated in mice and current reports indicate that the use of ketamine is under
increasing scrutiny [3,14,44,79].

It is known that NMDA receptors play important roles during development in that excitatory
amino acids play an important role by regulating neuronal survival and migration, axonal
and dendritic structure, and synaptogenesis and plasticity [27,34,55]. It has long been known
that modulation of NMDA receptor function during development affects vertebrate neural
development [61] and that there are functional consequences associated with changes in
NMDA subunit expression during development [13]. There is also evidence to suggest that
the infant brain is more responsive to agents that affect NMDA receptor function than are
adult brains (e.g., [4,10]) and the pharmacology of the NMDA receptor in the developing rat
(up to PND 14) is markedly different from that of the adult-like receptor [66].

NMDA receptors are also important for learning and memory processes. As important
targets for excitatory amino acid neurotransmitters they serve to mediate long term
potentiation (LTP) [7], an increase in synaptic efficiency that is generally believed to be
important for processes associated with learning and memory [8,21,72].

Additional studies in rats extended the ketamine observations to demonstrate that another
NMDA receptor antagonist (nitrous oxide) given in combination with the γ-aminobutyric
acid (GABA) agonists midazolam and isoflurane also cause similar increases in
neuroapoptosis [24,78]. In these publications, the clinically-relevant anesthetic cocktail was
given to rodents in a single episode during the brain growth spurt and assessments of brain
function in exposed animals as young adults demonstrated clear deficits in learning
behaviors [24]. While concerns about adverse functional consequences resulting from
developmental exposure to PCP and related compounds had been raised earlier [11], this
was a clear demonstration in the rat model that a single bout of anesthesia during a period of
rapid brain development could result in very long-term, perhaps permanent, deficits in brain
function. Subsequently, similar adverse behavioral outcomes have been demonstrated in rats
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after 4 or 6 hour exposures (PND 7) to the inhalation anesthetic, isoflurane, a GABA agonist
[58,69-71], in mice exposed (PND 10) to ketamine with and without diazepam [14], and in
mice exposed to six hours of sevoflurane on PND 6 [59].

It has now been demonstrated that exposure to a host of compounds having NMDA receptor
antagonist or GABA receptor agonist properties, many of which are used in the pediatric
setting, may also be associated with marked increases in apoptosis when given during the
brain growth spurt (reviewed in [22,37,38,42,43]). Indeed, it has been postulated that
ethanol, which acts as both an NMDA antagonist and a GABA agonist may cause the fetal
alcohol syndrome via these actions [39-41].

Given the findings in the rodent models, it was important to determine if the phenomenon
also occurred in primates. Initial in vitro studies using PND 3 monkey cortical neurons in
culture demonstrated that ketamine was as effective in killing monkey neurons [76] as it was
in killing rat cortical neurons in culture [75]. Additional studies demonstrated that the
phenomenon also occurs in vivo in nonhuman primates [67]. In those studies, ketamine
exposures were conducted in the developing rhesus monkey, a model that more closely
mimics the developing pediatric population [16,76]. A single 24-hour anesthetic episode of
intravenous ketamine was initially employed to explore the sensitivity of the monkey at
various stages of development. Exposures were carried out on gestation days 120-123 or
about three quarters of the way through gestation (term is 165 days), on postnatal days 5-6
and on PNDs 35-37. Marked increases in neuronal cell death were observed when exposures
occurred in utero or on PNDs 5 or 6, but not on PNDs 35-37. In this and subsequent studies
[84] it was determined that exposures lasting 9 hours or more are sufficient to cause the
effect but that exposures lasting only 3 hours are not. Importantly, isoflurane and ketamine
have recently been shown to induce neuroapoptosis and oligoapoptosis in the neonatal
rhesus monkey after exposures lasting only 5 hours [5,6,36]. In the monkey ketamine-
induced cell death appears to be both apoptotic and excitotoxic whereas in the rat it seems to
be primarily apoptotic. Given that ketamine was also shown to cause significant abnormal
cell death in the primate as it does in rodents, there was heightened interest in the
phenomenon and its relevance for the pediatric clinic [3,15,25,30,31]. In addition, a
description of the steps that the Food and Drug Administration was taking to address the
issue was published [35]. Those steps included developing, in collaboration with the
anesthesia community and regulated industry, strategies for further assessing the safety of
the pediatric use of anesthetics and for providing data to guide clinicians to make informed
decisions when selecting treatment regimens.

The current study was designed to test the hypothesis that, in rhesus monkeys, there are
subsequent deficits in brain function associated with a single 24 hr bout of ketamine-induced
general anesthesia during the neonatal period. Originally described when used for assessing
the acute effects of delta-9-THC on cognition in monkeys [62], the NCTR OTB has been
used in our animal and human research laboratories for a number of years in translational
studies of cognitive function [48,49]. The OTB contains several complex positively-
reinforced tasks, in which correct performance is thought to depend on relatively specific
and important brain functions which include learning, color and position discrimination,
motivation and short-term memory. Previous experiments from this laboratory have shown
that the tasks in the OTB are differentially sensitive to the acute effects of a variety of drugs
from different pharmacological classes and that OTB performance by children is not
generally distinguishable from that of well-trained rhesus monkeys [48,49]. The similarity in
OTB performance between monkeys and children [51,52] is of particular importance with
regard to extrapolating to humans the neurobehavioral (and possibly neurotoxic) effects of
drugs and toxicants as determined in the monkey model. Additionally, the demonstration
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that several measures of OTB performance correlate highly with measures of intelligence in
children [50] serves to highlight the relevance of such measures.

2. Materials and Methods
2.1 Drugs

Ketamine hydrochloride (Ketaset®, Fort Dodge Animal Health, Fort Dodge, IA) was diluted
in lactated Ringer’s solution for intravenous infusion. Ketamine was identified and its purity
confirmed (>99%) using high-performance liquid chromatography and mass spectrometry
(LC/MS).

2.2 Animals and Exposure Procedure
Twelve postnatal day (PND) 5 (2 controls) or PND 6 (4 controls, 6 ketamine treated) rhesus
monkeys served as subjects. All were born and housed at the FDA’s National Center for
Toxicological Research (NCTR) nonhuman primate facility. Four male and 8 female
monkeys were randomly assigned to ketamine treated (n = 6; one male, five females) and
control (n = 6; 3 males and 3 females) groups. Animals were treated as described in detail
previously [20,67]. Immediately prior to the initiation of anesthesia or sequestration,
monkeys were separated from their anesthetized mothers, removed from their home cage
and hand carried to a procedure room. Control monkeys were maintained in a temperature
controlled infant incubator (Ohio Care Plus, Ohmeda Medical, Laurel, MD) with access to
water but no food and were not sedated for physiological measurements or blood sample
collections. Blood samples and physiological measurements were collected from the control
animals while they were hand restrained. For treated monkeys, ketamine was given as an
initial intramuscular injection (20 mg/kg) to induce anesthesia followed by continuous
intravenous infusion at a rate of 20-50 mg/kg/hr to maintain a light surgical plane of
anesthesia (as evidenced by lack of voluntary movement, decreased muscle tone, and
minimal reaction to physical stimulation with maintenance of an intact palpebral reflex) for
24 hours. Throughout anesthesia, monkeys were also kept in a neonatal incubator (Ohio
Care Plus, Ohmeda Medical, Laurel, MD) on a circulating water heating pad and under a
nearby heat lamp to maintain body temperature. Dextrose (5% and 0.9% Sodium Chloride
Injection USP; B. Braun Medical Inc. Irvine, CA) was administered via intravenous drip (10
ml/kg/hr) to anesthetized animals and by stomach tube (10 ml) every 2 hours to control
animals to maintain blood glucose levels. Glycopyrrolate (0.01 mg/kg, American Reagent,
Shirley, NY) was administered intramuscularly prior to anesthesia and every six hours to
both control and treated monkeys to reduce airway secretions. Control and treated animals
were returned to their natural mothers approximately 27 hours after separation and reared by
them until weaning.

All animal procedures were approved by the National Center for Toxicological Research
(NCTR) Institutional Animal Care and Use Committee and conducted in full accordance
with the PHS Policy on the Humane Care and Use of Laboratory Animals.

2.3 Physiological Measurements
The procedures followed for the maintenance and monitoring of experimental subjects
during anesthesia have been detailed in an earlier publication [20,67]. Briefly, pulse
oximetry (N-395 Pulse Oximeter, Nellcor, Pleasanton, CA), capnography (Tidal Wave
Hand-held Capnograph, Respironics, Murrysville, PA), non-invasive sphygmomanometry
(Critikon Dynamap Vital Signs Monitor, GE Healthcare, Waukesha, WI), and a rectal
temperature probe were used to monitor physiological conditions. Heart rates, respiratory
rates, oxygen saturation of hemoglobin, expired CO2 concentrations, and rectal temperatures
were recorded every 15 minutes in treated monkeys and every one to two hours in control
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monkeys. Systolic, diastolic, and mean arterial blood pressures were recorded every 30
minutes in treated monkeys and every two to four hours in controls. Blood (0.25 ml) was
collected at one- to four-hour intervals for the measurement of plasma glucose (Ascensia
Elite XL Blood Glucose Meter, Bayer Diagnostics, Tarrytown, NY), and determination of
venous blood gases (Rapidlab, East Walpole, MA).

2.4 Animal weaning, housing and maintenance
At about six months of age, all subjects were fitted with permanent collars [on PND 182.0
+/- 0.0 (mean +/- SD) for controls and 185.7 +/- 12.2 for ketamine treated subjects] for use
in pole and collar restraint/capture/transport procedures (Primate Products, Miami, Florida).
Catch poles were attached to individual collars to secure and remove animals from their
home cages to transport chairs (Primate Products, Miami, Florida). Animals were weaned
[(PND 192.8 +/- 12.2 for controls and 190.7 +/- 13.0 for ketamine treated subjects) and pair-
housed with a similar-age companion for approximately 3 months after which they were
singly housed (at PND 268.9 +/- 12.2 for controls and 266.7 +/- 13.0 for ketamine treated
animals). All subjects were acclimated to the transport chairs used for subsequent behavioral
testing approximately two weeks prior to the beginning of training in the NCTR Operant
Test Battery (OTB) which began at approximately 7.4 months of age on PND 224.2 +/- 3.7
for controls and 223.8 +/- 3.1 for the ketamine exposed animals. During acclimation,
subjects were placed in transport chairs for approximately 1 hr/day on weekdays during
which they were proffered banana-flavored food pellets (190 mg dustless, Bio-Serv,
Frenchtown, New Jersey) that were subsequently used as reinforcers during operant
behavioral testing and exposed to the daily laboratory routine. Daily (M-F) body weights
were obtained while animals were chaired. Standard nonhuman primate chow (Purina Mills,
Richmond, IN) was given once a day following behavioral or acclimation sessions (M-F)
and on weekends at approximately the same time of day and adjusted weekly to insure that
animals gained approximately 0.1 kg per month. Fresh fruit and multivitamins (USA Drug,
Little Rock, AR) were provided 5 days a week and water was available ad libitum in their
home cages.

2.5 OTB Testing
The behavioral tasks and apparatus used in the study (see below) have been previously
described [49,62]. All behavioral tasks were conducted in primate operant test chambers
using behavior panels that included press-plates and response levers. Banana-flavored food
pellets served as positive reinforcers for all tasks. Testing occurred daily (M-F) at the same
time of day (+/- 1 hour). OTB training was accomplished via the method of successive
approximations and was very similar to that reported in detail elsewhere [56]. During the
testing sequence, all animals (in transport chairs) were rotated through one of nine behavior
chambers such that no animal was tested in the same chamber for 2 consecutive test days.

2.5.1 Learning Task—OTB training began with a learning task called an Incremental
Repeated Acquisition (IRA) task which ultimately required subjects to learn a new sequence
of lever presses during every IRA test session. This task and the behavior or intelligence
panel--which have been described in detail elsewhere [62] -- utilizes four horizontally-
aligned retractable levers and a series of lights to indicate when correct or incorrect
responses (lever presses) have been made and how many more correct responses are
required to obtain the next reinforcer. During the initial phase of IRA training (50 minute
sessions), a press to any one of the four levers resulted in reinforcer delivery. After 40
reinforcers had been earned, training level one was considered complete and one of the four
levers was inactivated, but remained extended. Thus, during training level 2, a response to
one of the three active levers resulted in reinforcer delivery. After 40 reinforcers had been
earned at training level 2, a second lever was de-activated (training level 3) and so on until
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only one lever was active (training level 4): responses to inactivated levers had no
programmed consequences. After 40 reinforcers had been earned at training level 4, the
‘full’ IRA task was presented the next test day and the subject was considered to be at OTB
training level 5 (training score = 5; see Figure 1).

During the initial component of the full IRA task (IRA1), subjects had to press the single
correct (active) lever (randomly chosen) out of the four. Responses to the correct lever
resulted in reinforcer delivery and illumination of a ‘correct response’ indicator light (1-sec)
after which the subject could continue the task; incorrect responses (pressing on any of one
the three incorrect levers) resulted in illumination of an ‘incorrect response’ indicator light
(2-sec) and presentation/continuation of the same lever-pressing ‘problem.’ After
completion of 20 correct responses (criterion performance) at IRA1, a 30 second time-out
followed after which the task difficulty was ‘incremented’ to a 2-lever sequence (IRA2).
Subjects had to add a lever press to the previously learned lever ‘sequence’. Thus, a press to
a lever that was different from the correct lever at IRA1 was required, followed by
responding to the lever that was correct during IRA1. Errors did not ‘reset’ the response
requirement: error correction was permitted. After criterion performance at IRA2
(completion of 20 errorless sequences—not necessarily consecutive), a 30 second time-out
followed after which the task was increment to a three lever sequence (IRA3) and so on up
to a six lever sequence (IRA6) or the task timed out (50 minutes). Thus, for each IRA
session, subjects had to learn a new sequence of lever presses, with task difficulty increasing
from a 1 lever sequence to a 6 lever sequence and the percent of the task completed
dependant upon the subjects’ performance. The dependent measures assessed for the IRA
task were number of sessions to reach OTB training level 5 (final IRA rules), percent task
completed [PTC; (number of errorless sequences completed/maximum number of errorless
sequences attainable) × 100]; response rate (RR; lever presses per second), and accuracy
[ACC; (correct lever presses/total lever presses) × 100].

2.5.2 Color and position discrimination task—After three consecutive IRA sessions
(50 min/session maximum) during which subjects completed IRA1, subjects began training
to perform a color and position discrimination or Conditioned Position Responding (CPR)
task on alternate test days. The ultimate performance of this task required subjects to make
right or left choice responses depending upon which color was presented to them at the
initiation of a given trial. Here, the response manipulanda were three horizontally aligned
press-plates that were illuminated from behind with the color red, yellow, blue, green or
white. Training for this task consisted of 10 levels and, as for the IRA and all other OTB
tasks, scores were assigned to each level of training and served as metrics that accumulated
as animals mastered task performance.

For training in this task, subjects earned 100 reinforcers at each of the first four training
levels and 200 reinforcers at each of the last 5. At CPR training level one, all three press-
plates were illuminated the same with red, yellow, green or blue color (chosen randomly)
and a press to any of them resulted in reinforcer delivery. At CPR training level two, only
two of the press-plates (the center press-plate plus only one side press-plate) were
illuminated with the same color (chosen randomly) and a press to either of them resulted in
reinforcer delivery. Responses to darkened press-plates had no programmed consequences
during any part of CPR training or performance. When the left press-plate plus the center
press-plate were illuminated, the color was always red or yellow; when the right press-plate
plus the center press-plate were illuminated, the color was always blue or green. At CPR
training level 3, only the center press-plate was initially illuminated with red, yellow, blue or
green (selected randomly). Presses to the illuminated center press-plate immediately
extinguished it and resulted in the immediate illumination of the appropriate side plate with
the same color (left for red or yellow; right for blue or green). A response to the illuminated
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side plate resulted in reinforcer delivery. At training level four the center press-plate was
randomly illuminated red, yellow, blue or green and a single press to the illuminated center
press-plate resulted in the darkening of that plate and the illumination of a single side-press
plate with white. If the center press-plate color was red or yellow, the left press-plate was
illuminated white: if the center press-plate was blue or green, then the right press-plate was
illuminated white. A single response to the illuminated side press-plate resulted in reinforcer
delivery. At training level five the center press-plate was randomly illuminated with one of
the four colors (red, yellow, blue or green). In contrast to CPR training level four, a press to
the center press-plate resulted in the darkening of the center-plate and the illumination of
both side keys with white. A response to the left press-plate was reinforced only if the center
color had been red or yellow: a response to the right press-plate was reinforced only if the
center color had been blue or green. Responding to the incorrect side press-plate resulted in
a 10-second time out (all press-plates dark) and re-presentation of the same color on the
center press-plate (i.e., the ‘problem’ was repeated). The same problem was presented to the
subject until it was solved correctly, after which the center press-plate was randomly
illuminated with red, yellow, blue or green (new problem). After 200 reinforcers had been
earned at level 5, subjects were considered to have moved to training level 6; after 200 more
reinforcers subjects were considered to have moved to training level 7, and so on up to
training level 10. At CPR level 10, the CPR session length was reduced to 10 minutes, the
maximum number of pellets available was set at 60 and the final rules of the task were in
place: the center press-plate was randomly illuminated red, yellow, blue or green and after a
response to it, it was immediately extinguished and the two side press-plates were
illuminated white. If the center press-plate had been illuminated red or yellow then a left
choice response was reinforced; if the center press-plate had been illuminated green or blue
then a right choice response was reinforced. Incorrect choice responses resulted in a 10-sec
timeout (all plates dark) and the random presentation of a new problem. At this same time
training in a short-term memory [Delayed Matching-to-Sample (DMTS)] task (see below)
was added to the operant testing schedule. The dependent measures for the CPR task were
number of sessions to reach training level 10 (final rules), PTC (correct trials/maximum
correct trials allowed), RR and ACC (correct choice responses/total choice responses).

2.5.3 Motivation task—After the presentation of three training CPR sessions (regardless
of subject performance) a task for assessing appetitive motivation [Progressive Ratio (PR)]
was added to the IRA sessions. PR sessions were 10 minutes in length and the session length
of the IRA task, which started one minute after the end of the PR task, was set at 40 minutes.
During performance of the PR task (designated PR 1+1), only the far right of the four
retractable response levers was used. Here, the first reinforcer of each PR session was
obtained after a single lever press (PR 1) and the response requirement for each subsequent
reinforcer was increased by one (+ 1). Thus, the second reinforcer required 2 lever presses,
the third reinforcer required three lever presses, and so on until the maximum number of
reinforcers (100) had been earned or the session timed out (10 minutes). PR training began
at level one, and was scored as level two after 10 reinforcers were earned in a single session.
The dependent measures for the PR task were number of sessions to reach PR training level
2 and response rate (RR). Earlier analyses of these data and data from other studies has
demonstrated that PR response rate is highly correlated with number or reinforcers earned,
size of the last ratio completed and percent task completed for this task. Thus, RR is the only
endpoint reported here.

2.5.4 Short-term memory task—Training DMTS sessions (40 minutes) were added to
CPR sessions as indicated above and began one minute after their termination. Only the
three press-plate manipulanda were used for this task. For the first four levels of DMTS
training, subjects had to earn 100 reinforcers and at the 5th level, 1000 reinforcers. At
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training level 1 all three press-plates were illuminated each with an identical geometric
symbol (white on black) chosen randomly from one of seven possibilities. A press to any of
the press-plates resulted in reinforcer delivery. At level 2, the center press-plate and one of
the side press-plates (chosen randomly) were illuminated, each with the same symbol. A
press to either of the illuminated press-plates results in reinforcer delivery. At DMTS
training level 3 the center press-plate was randomly illuminated with one of the seven
possible geometric symbols (‘sample’ stimuli). A press to the center press-plate caused it to
extinguish and one of the three press-plates (location random) was immediately illuminated
with the same symbol. A response to this illuminated press-plate resulted in reinforcer
delivery. At training level 4 the center press-plate was illuminated with one of the seven
possible geometric symbols (random selection) as a sample stimulus. A single response to
that sample stimulus extinguished it and immediately, two of the three press-plates
(locations random) were illuminated: one plate was illuminated with a matching symbol and
the other plate with a non-matching symbol. A single response to the press-plate illuminated
with the ‘match’ resulted in reinforcer delivery followed by presentation of a new matching
problem. A response to the non-matching symbol resulted in a 10-sec time out, followed by
re-presentation of the same matching problem. At training level 5 the center press-plate was
illuminated as in level 4 but upon responding to the center press-plate, all three of the press-
plates were illuminated, one with the ‘matching’ symbol, the others with non-matching
symbols. Responses to the correct (matching) symbol were reinforced and responses to
incorrect symbols were followed by a 10 second time-out during which all press-plates were
dark and after which the same problem was presented. For every 200 reinforcers earned
under these criteria, one additional training level/score was attained. Thus, after 1,000
reinforcers subjects were considered to be at DMTS training level 10 and the final task rules
were put into effect, but without the addition of recall delays. Here (DMTS training level 10)
the maximum number of reinforcers available was 120 and responses to incorrect symbols
(non-matching choices) were followed by a 10 second time-out after which a new problem
(different sample symbol) could be presented (random selection). At this point in training,
there were no programmed delays between observing responses (presses to the center press-
plate to indicate observance of the sample stimuli) and choice responses. Delays were
inserted after observing responses at subsequent levels of training, with the maximum
number of possible delay values being six. Delays were presented in a pseudo random
fashion with a maximum of 20 reinforcers being available for each of the six delays.

At DMTS training level ten, the six delay values were set to virtually zero seconds (0.01,
0.01, 0.01, 0.01, 0.01, and 0.01 seconds). After three consecutive DMTS test sessions during
which at least 50 reinforcers were earned, the time delay configuration was changed for
training level eleven to 0.01, 0.01, 0.01, 1, 1, 1 (i.e., 3 values near zero and three values at 1
second). When performance at this delay configuration met the above criteria, the time delay
configuration was changed to 0.01, 0.01, 1, 1, 2, 2 (DMTS training level twelve): two of the
six delays were set to 0.01 seconds, two to 1 second and two to 2 seconds. In similar fashion
the following delay configurations were incorporated into DMTS performance: 0.01, 1, 1, 2,
2, 4 for DMTS training level thirteen; 0.01, 1, 1, 2, 4, 8 for training level fourteen; 0.01, 1, 2,
4, 8, 16 for training level fifteen; 0.01, 2, 4, 8, 16, 32 for training level sixteen; 0.01, 4, 8, 16,
32, 48 for training level seventeen 0.01, 8, 16, 32, 48, 64 for training level eighteen; 0.01,
16, 32, 48, 64, 80 for training level nineteen. The dependent measures for the DMTS task
were number of sessions to reach training level 10 (final rules) and each training level (delay
set) thereafter.

2.5.5 Behavioral testing schedule—Typically, animals took quickly to IRA training,
usually beginning to lever press for food in a single session, after which they progressed
rapidly to IRA training level 5 (final rules). At this point, training for the CPR task began
but was often much slower (press-plate behavior is much more difficult to shape) such that
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the next training point accrual actually came with the addition of the PR task: subjects
usually attained the final training level for the PR task within a few sessions. Acquisition of
CPR responding followed and that was followed by acquisition of DMTS responding. The
final testing schedule was PR (10 minutes)/IRA (40 minutes) on one test day and CPR (10
minutes)/DMTS (40 minutes) on alternate test days. Note that a training score was assigned
for every day of testing, even though the specific tasks assessed may have alternated every
other test day. Thus, for the OTB training scores, 5 sessions equate to one full week (M-F)
of testing. For tasks that alternate test days, 5 sessions equate to two full weeks of testing
and 10 sessions equate to four weeks or one full month of testing.

2.6 Statistical Analyses
Statistical analyses of physiological measures were carried out using Student’s t-test with
statistical significance defined as p < 0.05: values used are means averaged across 24 hours
(all time points). Statistical analyses of OTB performance measures and body weight were
effected using a repeated measures model fit by use of the mixed procedure, using SAS
software [29,65,74]. The model included terms for Dose, Sex and Weeks/Sessions and their
interactions. Since the ketamine group was composed, albeit randomly, of mostly females, a
Sex term was also included in the model. The covariance structure on the repeated
observations within each animal that was fit was first-order autoregressive. For data to be
included in the Accuracy analyses for the IRA and CPR tasks, subjects must have earned at
least 5 reinforcers or completed a minimum of 10 trials, respectively.

3. Results
3.1 Physiologic responses to ketamine anesthesia

All monkeys tolerated the procedures well, recovered from anesthesia or sequestration
uneventfully and were returned to and accepted by their mothers without incident. Some of
the physiologic parameters changed throughout the 24-h experimental period in the
ketamine-treated group; however, all important physiological values such as body
temperature, blood glucose, and O2 saturation remained within normal ranges for both
control and ketamine treated animals [20]. These data indicate that, as previously reported
[20,67], ketamine induced neurotoxicity was not due to hypothermia, hypoxia or
hypoglycemia. Table 1 summarizes the physiologic parameters for both groups, showing
replication of earlier findings [20,67]. The respiratory rate was lower in the ketamine-treated
monkeys than in the control animals. Consistent with differences in respiratory rate, expired
CO2 was higher in ketamine-treated infants than in control infants. As in the previous study,
heart rate in ketamine treated animals was decreased throughout anesthesia compared to that
in control animals, as were blood pressures. Body temperatures and venous pH did not vary
between groups and venous pO2 and O2 saturation were higher in ketamine-treated animals
than in control animals. Oxygen saturation of hemoglobin measured by pulse oximetry
averaged 94% or above for both groups.

3.2 Operant Behavioral Assessments
3.2.1 OTB Training Scores—The acquisition of task performance over time as
evidenced by overall OTB training scores is shown in Figure 1. A training score of five was
attained once subjects were performing under the final rules of the IRA task (5 points). A
training score of seven indicated attainment of targeted PR responding (2 points); the
addition of ten more points indicated that CPR performance under the final rules had been
attained (training score 17); the training score of 27 indicated attainment of performance
under the final rules of the DMTS task with no delays (10 points); and the maximum
training score of 36, which indicates performance at the longest DMTS recall delays has yet
to be attained. There were no significant differences in the attainment of training scores until
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subjects were learning to perform the DMTS task (training score >17); during and after this
time, ketamine treated animals performed significantly worse than controls from week 24 of
training until week 63, a period of about 10 months. This discrepancy appears to be
primarily due to the additional time (~10 weeks or over two months) it took the ketamine
treated animals to master the ‘matching’ concept necessary for completion of DMTS
training. The results of the repeated measures model analysis are: Group [F (1, 21.3) = 8.14,
P = 0.0094]; Sex [F (1, 21.3) = 1.75, P = 0.20]; Group*Sex [F (1, 21.3) = 2.26, P = 0.15];
Session [F (133, 1556) = 16.42, P < 0.0001]; Group*Session [F (133, 1556) = 1.81, P <
0.0001]; Sex*Session [F (133, 1556) = 1.43, P = 0.0013]; Group*Sex*Session [F (133,
1556) = 1.62, P < 0.0001].

3.2.2 Learning (IRA) Task Performance—Figure 2 shows acquisition data for the IRA
task with the first data point corresponding to test sessions that began when the subjects
attained an OTB training score of 5. At this point, the final rules of reinforcement were in
effect for this task and henceforth behavior was indicative of subjects continuing to learn
how best to solve the lever-pressing problems presented. Figure 2A shows that the PTC for
both groups increased in tandem up to about the 36th week of testing, after which the control
subjects outperformed the ketamine treated subjects, significantly so over most of the nearly
2 year period following week 36. for IRA PTC: Group [F (1, 12.1) = 4.34, P = 0.06]; Sex [F
(1, 12.1) = 0.27, P = 0.61]; Group*Sex [F (1, 12.1) = 0.27, P = 0.61]; Session [F (33, 354) =
6.97, P < 0.0001]; Group*Session [F (33, 354) = 1.47, P = 0.049]; Sex*Session [F (33, 354)
= 1.40, P = 0.08]; Group*Sex*Session [F (33, 354) = 1.34, P = 0.11]. Figures 2B and 2C
indicate that this effect of ketamine exposure to decrease IRA PTC was due to both a
decrease in response speed and accuracy, respectively, since both of these metrics were
affected similarly, albeit it could be argued that response rate was affected to a greater
degree (more points significantly different from those of the control animals) than accuracy.
For IRA response rate: Group [F (1, 12) = 6.51, P = 0.025]; Sex [F (1, 12) = 0.43, P = 0.52];
Group*Sex [F (1, 12) = 0.03, P = 0.86]; Session [F (33, 354) = 5.55, P < 0.0001];
Group*Session [F (33, 354) = 1.88, P = 0.003]; Sex*Session [F (33, 354) = 1.17, P = 0.24];
Group*Sex*Session [F (33, 354) = 1.57, P = 0.026]. For IRA accuracy: Group [F (1, 12) =
3.33, P = 0.09]; Sex [F (1, 12) = 0.08, P = 0.78]; Group*Sex [F (1, 12) = 0.74, P = 0.41];
Session [F (31, 330) = 13.95, P < 0.0001]; Group*Session [F (31, 330) = 2.00, P = 0.0016];
Sex*Session [F (33, 330) = 1.17, P = 0.25]; Group*Sex*Session [F (33, 330) = 1.44, P =
0.06].

3.2.3 Motivation (PR) Task Performance—Figure 3 shows the development of
response rate for this task where it can be seen that, for both groups, response rate increases
rather steeply over about the first 9 months (36 weeks), after which it seems to plateau at
about 2.4 responses per second for control subjects and about 1.8 responses per second for
the ketamine treated subjects. This difference was only sporadically statistically significant
(see Figure 3). For PR response rate: Group [F (1, 12.1) = 2.66, P = 0.13]; Sex [F (1, 12.1) =
0.33, P = 0.57]; Group*Sex [F (1, 12.1) = 0.09, P = 0.77]; Session [F (31, 334) = 7.27, P <
0.0001]; Group*Session [F (31, 334) = 0.92, P = 0.59]; Sex*Session [F (31, 334) = 1.63, P =
0.02]; Group*Sex*Session [F (31, 334) = 0.76, P = 0.82].

3.2.4 Color and Position Discrimination (CPR) Task Performance—Figure 4
shows acquisition data for the CPR task with the first data point corresponding to the test
session during which the subject attained an OTB training score of 17. At this point, the
final rules of reinforcement were in effect for this task and henceforth behavior was
indicative of subjects continuing to learn how best to solve the color-position choice
problems presented. Figure 4A shows that the PTC for both groups increased in tandem up
to about the 40th week of CPR testing, after which the control subjects outperformed the
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ketamine treated subjects, albeit significantly so for only a few months during the period
between weeks 40 and 80. After the 80th week PTC measures for both groups tracked
together. For CPR PTC: Group [F (1, 12.7) = 4.51, P = 0.0539]; Sex [F (1, 12.7) = 1.47, P =
0.25]; Group*Sex [F (1, 12.7) = 2.27, P = 0.16]; Session [F (31, 336) = 2.13, P = 0.0005];
Group*Session [F (31, 336) = 1.06, P = 0.39]; Sex*Session [F (31, 336) = 0.61, P = 0.95];
Group*Sex*Session [F (31, 336) = 1.19, P = 0.23]. Figures 4B and 4C indicate that this
effect of ketamine exposure to decrease CPR PTC was most closely associated with a
similar effect on accuracy: response rate was not significantly affected during this time. As
testing in this task continued into the end of year two and into year three, the response rate
for the control group became significantly faster than that for the ketamine group, which
seemed to plateau at around the 48th week of testing. Thus, over the last year or so of testing,
ketamine subjects were just as accurate as control subjects in solving this simple color
discrimination task but they were significantly slower in doing so. For CPR response rate:
Group [F (1, 12.6) = 3.16, P = 0.10]; Sex [F (1, 12.6) = 0.53, P = 0.48]; Group*Sex [F (1,
12.6) = 0.02, P = 0.89]; Session [F (31, 335) = 2.86, P < 0.0001]; Group*Session [F (31,
335) = 1.04, P = 0.42]; Sex*Session [F (31, 335) = 1.28, P = 0.15]; Group*Sex*Session [F
(31, 335) = 0.88, P = 0.65]. For CPR accuracy: Group [F (1, 12.5) = 5.41, P = 0.0375]; Sex
[F (1, 12.5) = 6.67, P = 0.02]; Group*Sex [F (1, 12.5) = 6.87, P = 0.02]; Session [F (26, 276)
= 4.15, P < 0.0001]; Group*Session [F (26, 276) = 1.02, P = 0.45]; Sex*Session [F (26, 276)
= 1.18, P = 0.25]; Group*Sex*Session [F (26, 276) = 1.46, P = 0.07].

3.2.5 Short-term memory (DMTS) Task Performance—A telling effect of ketamine
treatment on performance of this task was apparent in the OTB Training Score data (Figure
1) where it was shown that ketamine treated subjects took significantly more sessions (~ 10
weeks worth) to master the matching concept than did controls. Data presented in Figure 5
were obtained after subjects had learned the matching-to-sample concept and the final rules
of reinforcement for the DMTS task were in effect. The data show the acquisition of the
differing memory recall delay levels (difficulties) for this task. It can be seen here that there
are no differences between the two groups, demonstrating that once the ketamine treated
subjects learned the matching concept they performed no differently that did control
subjects, an observation suggesting that aspects of short-term memory were not affected by
treatment. For DMTS delay level acquisition: Group [F (1, 14.9) = 0.12, P = 0.73]; Sex [F
(1, 14.9) = 0.11, P = 0.74[; Group*Sex [F (1, 14.9) = 0.09, P = 0.77]; Session [F (28, 336) =
17.00, P < 0.0001]; Group*Session [F (28, 336) = 2.46, P < 0.0001]; Sex*Session [F (28,
336) = 3.14, P < 0.0001]; Group*Sex*Session [F (28, 336) = 2.07, P = 0.0015].

3.3 Body Weight
Figure 6 shows body weights for both groups for the 138 weeks of testing. Overall the body
weights were similar, evidence that our controlled feeding regimen was, with the exception
of a few weeks (12, 20, 23, 46 and 117), quite successful in keeping body weights the same
for each group and allowing animals to gain weight at approximately a tenth of a kilogram
per month.

4. Discussion
The data presented here provide proof of the concept that exposure to ketamine during a
period of rapid brain growth in a primate species can result in long-term, perhaps permanent,
derangements in important aspects of brain function as evidenced by significant disruptions
in OTB performance. Since OTB performance by monkeys is often indistinguishable from
that of children [52] and many of the metrics of OTB performance, particularly those for the
IRA task, correlate positively and significantly with IQ scores in children [50], it is
reasonable to interpret the present findings in monkeys as indications that similar ketamine-

Paule et al. Page 11

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induced effects in children could lead to detrimental effects on aspects of intelligence. It has
been suggested previously that chronic drug exposures during development in nonhuman
primates can provide models of brain dysfunction in humans [45,46] and the studies
presented here provide yet another example of that possibility.

It is of interest to note that the most sensitive aspects of OTB behavior in the present study
involve concept formation, intuitively an incredibly important brain function. This was
evidenced as significant delays in the ability of ketamine-treated animals to master the
matching-to-sample concept and their apparent continued inability to master correct
performance of the repeated acquisition (learning) task. These behaviors are thought to be
subserved by the frontal cortex and hippocampus and the frontal cortex is an area of the
monkey brain known to be perhaps the most sensitive to the induction of apoptosis
associated with a 24-hr bout of ketamine anesthesia [67,84]. While treated subjects were
clearly able to eventually master the performance of the comparatively simple color
discriminate task, at least in terms of problem solving accuracy, they continued to
underperform in this task as evidenced by continuing deficits in response rate, an indication
of diminished psychomotor speed. While there were also significant deficiencies in the
performance of ketamine treated animals in the progressive ratio task used to assess
motivation, the timing of those effects does not often overlap with effects in the other more
cognitively-loaded tasks. An effect of ketamine exposure on motivation does seem likely
given the diminished response rate in the progressive ratio task, but that effect could also
indicate diminished motoric capabilities.

In other studies on the effects of developmental exposures to psychoactive drugs in
monkeys, the OTB learning task was also the most sensitive to disruption [53,54]. In those
studies, subjects were treated daily for a full year beginning at about 2 years of age with the
prototypic NMDA receptor antagonist, MK-801, or the compound remacemide, an effective
sodium channel blocker with limited activity at the NMDA receptor. MK-801 was virtually
without effect on acquisition and performance of OTB responding whereas remacemide had
effects on learning task performance not unlike those in the present study [53]. Those
observations support the hypothesis that NMDA receptor antagonism is ineffective in
causing toxicity if given after the sensitive period during early development is over and
before the onset of adult sensitivity.

While the data presented here are striking, several very important questions remain
unanswered. For example, the precise thresholds for dose and duration of exposure that are
needed to cause the functional deficits reported here are not yet known. While it may seem
logical that they would be the same as or similar to those that cause frank abnormal cell
death, that is not a given. And while it is now known that the period of sensitivity to
ketamine-induced cell death in the monkey spans from gestation day 120 (at about 75% of
gestation) through the first week of life [67], it is not known how much before gestation day
120 or how much after the first week of life the sensitivity is manifest, nor is it known
exactly how these periods of sensitivity will translate to the human situation. In the monkey
model it seems that ketamine-induced anesthetic episodes lasting less than three hours are
not sufficient to cause abnormal levels of apoptotic cell death whereas exposures of five
hours [5] and longer are sufficient [67,84]. In addition, it has recently been demonstrated
that 5 hours of isoflurane anesthesia causes substantially more apoptotic cell death (12-fold
increase) than ketamine (3-fold) in neonatal monkeys [5], suggesting that isoflurane is even
more toxic than ketamine. Behavioral assessments of monkeys exposed to less than 24 hours
of ketamine anesthesia or to isoflurane anesthesia have not been reported.

Ideally, the increases in cell death caused by ketamine (and a variety of other NMDA
antagonists and GABA agonists) should be monitorable in vivo using specific markers of
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cell death processes and newer imaging techniques (e.g., microPET) that could provide the
opportunity for minimally-invasive and repeated assessments of the phenomenon and, thus,
be of use clinically. Recently, [18-F]-annexin-v has been used with microPET imaging to
monitor events in rat brain following treatment with ketamine on PND 7 [82]. Annexin-v is
thought to bind to phosphatidyl serine residues on the surface of cell membranes of dying
cells: in healthy cells the phosphatidyl serine residues remain intracellular and inaccessible
to annexin-v. While not specific for apoptosis, the concentration of the annexin-v tracer was
shown to be significantly higher on PND 35 in rats previously treated with a neurotoxic
regimen of ketamine on PND 7 than in controls [82]. More recently, [18-F]-DFNSH, a
dansyl compound thought to label intracellular elements of dying cells, produced results in
the rat similar to those of annexin-v [83]. If similar compounds can be found for use in
humans, it will be possible to determine in clinical populations whether cell-death
phenomena occur as they do in our animal models.

While we have shown in the current rhesus model that the functional deficits resulting from
early ketamine exposure are very long lasting, we do not yet know for certain how long they
will last. Nor is it known what will happen during or after puberty, another period of rapid
and important brain restructuring. Might the noted deficiencies increase or decrease in
severity? During old age will these subjects be predisposed to a more rapid onset of the
typical cognitive decline associated with aging? As part of the plan for the animals used in
the current study, follow-on behavioral challenges are being developed to allow for
continued assessments of current and additional functional domains and the testing of agents
that might improve cognitive function. Assessments of social interactions are also being
contemplated for future studies.

It is also important to pursue strategies for preventing or ameliorating the adverse effects
associated with the use of anesthetic agents. Some agents may be less likely to cause toxicity
than others. For example isoflurane has been reported to cause greater neurodegeneration
than sevoflurane in a neonatal mouse model [28] and greater damage than ketamine in a
rhesus monkey model [5]. Recent findings with agents such as L-carnitine [86], 7-
nitroindazole [77], lithium [9,68], dexmedetomidine [58], erythropoietin[80], neurotrophin
receptor antagonists [19], calcium channel agonists [73], and hypothermia [9] suggest that
these agents may protect against the neurodegeneration caused by ketamine and other
anesthetic agents. In addition, some compounds for example, xenon and dexmedetomidine
seem to be capable of inducing anesthesia and sedation, respectively, without causing cell
death and/or protecting against cell death induced by anesthetics or hypoxia [32,33,58,64].
And, very importantly, we do not yet understand how the findings of the present study relate
to the use of anesthetics in actual surgical or other painful/stressful circumstances. It is
known that painful stimuli (needle sticks, subcutaneous formalin injections) if untreated, can
themselves lead to increased cortical and subcortical cell death [2,57] and long-term
behavioral changes in the rat pup [1,2,57]. Concomitant short-duration ketamine treatment
in these pain/trauma models actually mitigates the associated adverse effects of noxious
stimuli. It will be very important going forward to determine the effects of ketamine and
related compounds in animal models that closely approximate the clinical situations for
which they are used. It will also be necessary to assess the effects of the typical drug
cocktails used clinically because it is the rule rather than the exception that human subjects
also receive other agents such as benzodiazepines, opiates and/or anticholinergics in
combination with general anesthetics.
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Abbreviations

CPR Conditioned Position Responding

DMTS Delayed Matching-to-Sample

IRA Incremental Repeated Acquisition

LTP long term potentiation

NMDA N-methyl-D-aspartate

OTB Operant Test Battery

PCP phencyclidine

PND postnatal day

PR Progressive Ratio
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Figure 1.
Training scores for OTB task performance. Data are raw means +/- SEMs for 5 test sessions
(one week’s worth of data). Dotted lines indicate the scores at which animals began
performing under the final rules of reinforcement for the indicated tasks: IRA = incremental
repeated acquisition (learning) task; PR = progressive ratio (motivation) task; CPR =
conditioned position responding (color and position discrimination) task; DMTS = delayed
matching-to-sample (short-term memory) task with no recall delays in place; Max Delay =
point at which all DMTS delay sets are attained. Note that the separation between the groups
began during the time subjects had to learn the concept associated with correct performance
of the DMTS task. Bracket indicates sessions over which training scores for control subjects
were significantly higher than those for ketamine-exposed subjects.

Paule et al. Page 19

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Paule et al. Page 20

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Learning (IRA) task raw data presented as averages of over 10 sessions (means +/- SEMs of
4 weeks worth of data). (A) Percent task completed; (B) Response rate; (C) Accuracy. * = P
<0.05; # = p < 0.01.
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Figure 3.
Motivation (PR) task response rate (RR) data presented as in Figure 2. * = P <0.05; # = p <
0.01.
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Figure 4.
Color and position discrimination (CPR) task data presented as in Figure 2. (A) Percent task
completed; (B) Response rate; (C) Accuracy. * = P <0.05; # = p < 0.01.
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Figure 5.
Attainment of short-term memory (DMTS) task delay intervals after mastery of DMTS task
performance with no delays: delay sets versus number of DMTS sessions. Data are raw
means for 5 test sessions (2 weeks) +/- SEMs. There were no significant differences between
the groups at any week of testing.
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Figure 6.
Weekly body weights as means +/- SEMs. * = P <0.05
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Table 1

Physiological parameters for infants infused with ketamine for 24 hours and control monkeys (6/group).

PND 5/6 infants

Control Ketamine

Respiratory rate (breaths per min) 65±10.56 47±7.04*

Expired CO2 23±1.36 28±4.49*

Heart rate (beats per min) 200±25.04 151±25.98*

O2 saturation (%) 97±1.22 94±1.42*

Temperature (°F) 98±1.17 99±0.50

Mean Arterial Pressure (mmHg) 62±8.10 52±5.68*

Systolic blood pressure 81±6.46 70±8.64*

Diastolic blood pressure 51±6.56 43±4.81*

Glucose (mg/dl) 48±17.03 55±17.85

Venous pCO2 44±4.81 43±5.95

Venous pO2 22±7.04 39±4.01*

Venous pH 7.3±0.05 7.3±0.03

Venous O2 saturation 30±9.72 66±5.17*

Values are means ± SD averaged across 24 hours (all time points).

*
Indicates significant difference (p<0.05) between control and ketamine-treated monkeys.
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