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Abstract
Introduction Ketamine is attracting increasing research
interest not only because of its powerful amnestic effects
but also as a putative model of schizophrenia and as a
substance with an expanding following of recreational
users.
Objective This article reviews the existing literature on the
effects of acute ketamine on the memory of healthy
volunteers and of repeated doses of ketamine in recreational
users.
Current trends Although there have been relatively few,
often methodologically diverse, studies to date of the
mnemonic effects of ketamine, there is an emerging
consensus that an acute dose of the drug impairs the
manipulation of information in working memory and
produces decrements in the encoding of information into
episodic memory. Preliminary evidence suggests that ke-
tamine may differ from other classic amnestic drugs in
impairing aspects of semantic memory. Acute-on-chronic
effects in ketamine users generally mimic the pattern seen
in controlled studies with healthy volunteers. However,
chronic ketamine use may be associated with a more
specific pattern of memory decrements and with episodic
memory impairment, which might not abate following
cessation of use.
Future trends An important aim of future research should
be to detail the specificity of ketamine’s amnestic effects on
both a neuropharmacological and a cognitive level.
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Introduction

The aim of this review is to explore the nature of memory
and related impairments induced by ketamine. Character-
ising the cognitive effects of ketamine is important with
respect to three broad areas of research: memory, schizo-
phrenia and substance use. The effects of ketamine are
relevant to memory research as its main action is as an
antagonist of the N-methyl-d-aspartate receptor (NMDA-
R), which is considered to be of vital importance in
mechanisms of synaptic plasticity and neuronal learning
such as long-term potentiation and long-term depression. It
is also suggested that age-related decreases in NMDA
receptor function may contribute to age-related memory
decline (see Newcomer and Krystal 2001 for a review).
Another of the intriguing properties of ketamine is its
capacity to induce certain cognitive and negative symptoms
which are similar to those observed in schizophrenia.
Ketamine has thus been widely investigated as a potential
pharmacological model of schizophrenia. Whilst the drug’s
effects on memory are given some consideration in the
current review in the context of schizophrenia research, the
reader is directed to another recent review (Fletcher and
Honey 2006) for a more detailed discussion of this topic.
Ketamine research is also pertinent to substance misuse as
an increasing number of young people are now taking this
drug recreationally (DrugScope 2005) and there is evidence
that some users may develop dependence (Hurt and Richie
1994).

Ketamine is a potentially important research tool in
exploring the overlap between memory impairment, schizo-
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phrenia and substance use. For example, there is a high
comorbidity between schizophrenia and substance use
disorders (Chambers et al. 2001) and both schizophrenia
and chronic substance use have been associated with
impairments of memory and executive function (Goldstein
and Volkow 2002). Even though human research on the
mnemonic effects of ketamine is a young and currently
expanding field, and studies are often methodologically
diverse, it seemed timely to review and draw out implica-
tions for future research.

In this review, we first summarise the literature that has
examined (1) the acute effects of ketamine on memory in
laboratory studies with healthy volunteers and (2) chronic
effects in recreational ketamine users. This part of the
review will adopt a ‘memory systems’ approach as a
theoretical scaffold and attempt to link together findings
from different studies both within and across memory
systems. Following this, we consider the specificity of
ketamine’s effects, both pharmacologically and cognitively.
Finally, we consider the relationship between findings with
acute and chronic ketamine and cognitive deficits in
schizophrenia.

Memory systems and ketamine

In 1994, Schacter and Tulving published an influential
essay on memory systems. Tulving defined a memory
system in general as ‘a set of correlated processes’ (Tulving
1985 p 386; cf. Schacter 1999). Differing memory systems
have been identified by their representation of different
kinds of information, in addition to distinct neurobiological
underpinnings. Separable—but interactive—memory sys-
tems were suggested to have different laws and principles
characterising their operation and differences in their
ontogenetic and phylogenetic development (Schacter
1999). The memory systems model was developed from
the findings of cognitive, neuropsychological, psychophar-
macological and, more recently, neuroimaging research.

The five proposed memory systems are episodic mem-
ory, semantic memory, working memory, procedural learn-
ing and the perceptual representation system (PRS). An
important caveat to consider before examining research into
ketamine’s effects on memory systems is that no one task
can tap a single memory system or process. The five
systems to be discussed below are interactive and any one
task may involve two or more memory systems. For
example, immediate recall of a story may tap working
memory, as one has to hold on line the first part of a story
whilst processing the next part to get the overall semantic
‘gist’, as well as semantic memory. Another conceptual
issue concerns the use of the term ‘executive function’,
which refers to processes such as planning, sequencing and

manipulating material. Working memory is an executive
function but many other ‘memory’ tasks also require
executive functions, including episodic and semantic
memory tasks. With this in mind, the findings of studies
reviewed below are summarised in Table 1 in terms of the
principal system thought to be tapped by the task
employed.

Some of the evidence for the existence of dissociable
memory systems stems from the functional neuroimaging
of memory. However, there is some considerable overlap in
the neuroanatomical structures involved in each memory
system, which also serves to reinforce the point that similar
processes may be involved in different memory systems. A
large body of evidence has investigated the neural
correlates of memory and such findings will be but briefly
summarised here. Encoding, i.e. the deposit of information
into, in episodic memory is thought to be mediated by left
pre-frontal and temporal regions, the anterior cingulate
cortex (ACC) and the hippocampus. General retrieval (i.e.
the process of attempting to remember information) from
episodic memory is thought to be associated with activation
in the right pre-frontal and bilateral temporal cortex, the
ACC, cerebellum, precuneus and thalamus. Successful
retrieval, i.e. correctly remembering information, is associ-
ated with activation in the pre-frontal cortex (PFC),
precuneus and hippocampus (see Fletcher et al. 1997 for a
review). Semantic memory retrieval, as encoding of
information into semantic memory is rarely examined, is
thought to be dependent on activation of the left pre-frontal
and temporal regions and ACC (see Cabeza and Nyberg
2000 for a review). Working memory research has
suggested that ventrolateral regions may perform simpler
tasks within working memory such as maintenance of
information, whilst mid-dorsal regions perform higher level
functions such as manipulation (e.g. Petrides et al. 1993).
Procedural learning is thought to be largely dependent on
the basal ganglia and surrounding structures (see Hazeltine
and Ivry 2003 for a review) and the PRS, in particular
perceptual priming, has been found to be accompanied by a
decrease in blood flow in regions of the extrastriate visual
cortex (see Schacter 1999 for a review).

Neuroimaging evidence has thus been helpful in sug-
gesting commonalities across memory systems, as dis-
cussed above, i.e. the involvement of the left inferior PFC
in episodic, semantic and working memory. In addition, it
has suggested different activations for different component
processes, i.e. encoding and retrieval in episodic memory,
maintenance and manipulation in working memory. Whilst
the functional neuroimaging evidence as to the effects of
ketamine on memory is at this stage quite limited, it is clear
that this will be important in further delineating the effects
of this drug on memory. In addition, this research is helpful
in highlighting the overlap between different memory
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Table 1 Findings of studies following an acute dose of ketamine in the laboratory, and acute-on-chronic and chronic effects in a recreational
ketamine-using population summarised in terms of the ‘memory systems’ model

Principal memory system tapped Task Study Acute Acute-on-chronic Chronic

Episodic memory Immediate verbal recall Ghoneim et al. (1985) X
Krystal et al. (1994) √
Harborne et al. (1996) X
Malhotra et al. (1996) X
Newcomer et al. (1999) X
Hetem et al. (2000) X
Curran and Morgan (2000) X X

Delayed verbal recall Ghoneim et al. (1985) X
Krystal et al. (1994) X

Verbal recognition Ghoneim et al. (1985) X
Malhotra et al. (1996) X
Hetem et al. (2000) X
Honey et al. (2006) X
Honey et al. (2005b) X
Morgan et al. (2004c) X √

Source memory Honey et al. (2005b) X
Morgan et al. (2004a) X
Honey et al. (2006) (agency) X
Morgan et al. (2004c) X X

Spatial memory Rowland et al. (2005) X
Associative memory Harris et al. (1975) X

Harborne et al. (1996) X
Semantic memory Category fluency Ghoneim et al. (1985) √

Adler et al. (1998) X
Morgan et al. (2004a) √
Curran and Morgan (2000) X X

Speed of comprehension Morgan et al. (2004a) X
Curran and Morgan (2000) X X

Semantic priming Morgan et al. (2006b) X X
Working memory Digit span forwards Ghoneim et al. (1985) √

Honey et al. (2003) √
Abel et al. (2003) √
Rowland et al. (2005) √

Digit span backwards Harris et al. (1975) √
Ghoneim et al. (1985) √
Honey et al. (2003) X
Abel et al. (2003) X
Rowland et al. (2005) √

Spatial span Rowland et al. (2005) √
Serial sevens Curran and Morgan (2000) X √
N-back–1-back, 2-back Adler et al. (1998) X

Morgan et al. (2004a) X √
Narendran et al. (2005)

Spatial working memory (SDR) Newcomer et al. (1999) √
Attention CPT Krystal et al. (1994) X

Harborne et al. (1996) √
Malhotra et al. (1996) X
Adler et al. (1998) √
Newcomer et al. (1999) √
Umbricht et al. (2000) X

N-back–0-back Adler et al. (1998) √
Morgan et al. (2004a) √

Stroop Harborne et al. (1996) √
Newcomer et al. (1999) √

DSST/SCT Hetem et al. (2000) X
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systems and again borne in mind when considering the
effects of ketamine on memory.

Other factors that complicate comparisons between the
studies reviewed below include (1) the wide variety of tasks
used across the different studies; (2) the wide variety of
doses, routes of administration and populations and (3) the
variation in test times post-ketamine that memory has been
assessed. Further differences have also been observed that
are not accounted for by the above explanations (see Honey
et al. 2003). These may be related to individual differences
in drug response (e.g. Malhotra et al. 1998) or the use of
different strategies to meet task demands that may vary
from participant to participant (Honey et al. 2003). Despite
this, however, there is sufficient commonality in the studies
to allow some comparison and integration.

Acute effects of ketamine on human memory

Episodic memory

Episodic memory makes possible what Tulving (1998)
terms ‘mental time travel’ back into a person’s past. Think
of the last film you saw—you remember not only what the
title of the film was but also whom you went with and
whether you had popcorn or went for dinner afterwards.
Episodic memory is thought to facilitate the acquisition and
retrieval of information about specific personal experiences
that occur at a particular time and place (Tulving 1985;
Tulving and Markowitsch 1998). A large number of studies
have consistently found ketamine-induced decrements
across tasks which principally tap episodic memory at a

range of doses (Hetem et al. 2000; Ghoneim et al. 1985;
Krystal et al. 1994; Malhotra et al. 1997; Newcomer et al.
1999). In addition, these effects have been found across
diverse measures, including recognition tasks (Hetem et al.
2000; Ghoneim et al. 1985; Honey et al. 2003); recall of
passages of prose (Newcomer et al. 1999); recall of high-
and low-frequency word lists (Hetem et al. 2000; Ghoneim et
al. 1985; Malhotra et al. 1996); spatial learning paradigms
(Rowland et al. 2005) and, of particular relevance to episodic
memory, source memory tasks (Honey et al. 2005b, 2006;
Morgan et al. 2004a).

Other studies have investigated the relative contributions
of encoding (i.e. the process of acquiring information and
placing it into memory) and retrieval (i.e. the recovery of
previously encoded information from memory) to these
verbal episodic memory deficits. Overall, research seems to
suggest an impairment of memory for information studied
on-drug, i.e. an encoding deficit, but not information
studied before drug administration, i.e. intact retrieval. This
encoding deficit has been noted on recognition memory
tasks (Honey et al. 2005a; Hetem et al. 2000), recall tasks
(Morgan et al. 2004b) and a virtual Morris water maze
(Rowland et al. 2005). Pre-clinical support for ketamine-
induced encoding impairment is provided by studies
describing NMDA antagonist-induced deficits in acquisi-
tion (i.e. encoding) but not performance (i.e. retrieval) in
spatial learning tasks (Ohno et al. 1994). Contradictory
findings were observed in a recent study and this gave rise
to the suggestion that ketamine may impair consolidation
processes in memory (Parwani et al. 2005). Whilst this is a
potentially interesting field for further research, issues with
the design of the latter study, for example testing subjects

Executive functioning Verbal fluency Krystal et al. (1994) X
Krystal et al. (1998) X
Adler et al. (1998) X
Newcomer et al. (1999) √
Krystal et al. (1998) √
Abel et al. (2003) √
Rowland et al. (2005) √
Curran and Morgan (2000) X √

Trailmaking (B-A) Harborne et al. (1996) √
Morgan et al. (2004a) √

WCST Krystal et al. (1994) X
Krystal et al. (2000) X

Tower of London Honey et al. (2003) √
Procedural memory Serial reaction time task Morgan et al. (2004a) X
PRS Perceptual priming Morgan et al. (2004a) √

Curran and Morgan (2000) √

SDR spatial delayed response task, DSST digital symbol substitution test, SCT symbol copy test

Table 1 (continued)

Principal memory system tapped Task Study Acute Acute-on-chronic Chronic
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during differing levels of psychotic symptoms and the
possibility of proactive interference, complicate the inter-
pretation of the findings.

Another facet of verbal episodic memory, the conscious
state associated with remembering, also appears to be
affected by ketamine. Memory research has promoted the
view that episodic memory may be characterised by the
subjective awareness of recreating events and experiences
and reliving these events and experiences mentally. Tulving
(1985) termed this type of awareness ‘autonoetic’ aware-
ness and contrasted it with ‘noetic’ awareness; that is,
feelings of familiarity with an event or experience without
conscious recollection. This can also be thought of as the
difference between ‘remembering’ and ‘knowing’. ‘Re-
membering’ refers to one’s personal experience of the past
that allows mental time travel and engages one’s sense of
self; ‘knowing’ denotes other experiences of the past—
knowledge that we possess but in a self-independent
manner. Source memory tasks are one way of examining
such recollective or remember processes. Such tasks tap
into not only our memory for information (e.g. the ‘what’
component of episodic memory) but also memory for
contextual details surrounding the encoding episode (e.g.
the ‘where’, ‘who’, ‘how’, etc.). Typically, such tasks
involve a recognition component (where participants are
simply asked to say whether they have seen a word before),
and also a ‘source’ component, where they must recall
some contextual details that were present at the encoding
episode (e.g. whether the words were presented in a male or
female voice). Ketamine impairs source memory and
recognition memory (Morgan et al. 2004a; Honey et al.
2005b). Impairment of source memory suggests a disrup-
tion to recollection.

One special case of source memory is invoked in tasks
where people are asked to remember ‘agency’—whether it
was themselves or another person who generated the
information encoded at study. In the classic generation effect,
people have very good memory for items they generated
themselves as compared with items generated by another
person (Slamecka and Graf 1978). Honey et al. (2006)
showed that this generation effect was preserved after acute
ketamine administration (100 ng/ml) but that memory for
who generated it (source) was impaired. This impairment
was evident by participants on ketamine more often
reporting that they did not know who had generated the
items. Interestingly, when they were then asked to guess
who generated the items, participants on ketamine were less
likely than controls to guess that it was an external source
(i.e. the experimenter), which is an opposite pattern to that
observed in individuals with schizophrenia (e.g. Danion
et al. 1999).

Subsequent memory is thought to be facilitated when the
meaning of information is processed at encoding compared

to simple processing of physical attributes (Craik and
Lockhart 1972); this is known as the ‘levels of processing’
effect. Ketamine has been found to disrupt recognition
memory for words encoded at an intermediate (active/
passive) but not at a deep (pleasant/unpleasant) or shallow
semantic level (number of syllables) (Honey et al. 2005b).
Recollective (‘remember’) processes are thought to be
engaged when retrieving information that has been deeply
processed. The latter findings may therefore again indicate
ketamine’s capacity to impair recollection. The deepest level
of encoding in this study was thought to render information
relatively invulnerable to the amnestic effects of ketamine.

Subsequent work, however, found memory for words
generated via deep semantic processing was impaired
compared to words generated using shallow processing
(word stem completion) (Honey et al. 2006), which
suggests that ketamine may have reduced the degree of
semantic processing associated with the encoding or
generate tasks. Another study did not find that ketamine’s
effect depended on depth of processing (Morgan et al.
2004a); thus, this area requires further investigation.

Further indirect evidence for impaired recollective
processes following ketamine administration comes from
neuroimaging studies. A reduction in hippocampal left PFC
activation was observed when retrieving information
encoded prior to ketamine infusion (Honey et al. 2005a).
This may represent an inability to access the contextual
details associated with a remembered stimulus, i.e. a failure
to engage recollective processes. Similar findings are also
observed in patients with schizophrenia (Heckers et al.
1998).

In summary, ketamine has been shown to produce robust
episodic memory impairments. Specific task manipulations
have enjoyed some success in delineating the processes
involved in these deficits. The emergent findings would
suggest that ketamine principally impairs the encoding of
information into episodic memory. Any effects the drug
exerts upon retrieval are much more subtle. In addition,
evidence suggests that ketamine may impair the recollective
or ‘remember’ aspects of episodic memory whilst leaving
in tact familiarity or ‘know’ components.

Semantic memory

Semantic memory refers to a person’s general knowledge
about the world (Tulving 1972). It differs from episodic
memory in that semantic information is not associated with
a specific learning context. Semantic knowledge covers a
range of organised information including concepts, vocab-
ulary and facts. The majority of the work to date on
semantic memory has looked at the effects of ketamine on
fluency tasks, comparing semantic fluency (e.g. generate as
many examples of ‘fruit’ as you can think of) with
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phonemic fluency (e.g. generate words beginning with ‘M’)
tasks. Findings have been inconsistent. Whilst some studies
showed ketamine-induced impairments in category (Abel
et al. 2003; Adler et al. 1998) and phonemic fluency
(Adler et al. 1998; Krystal et al. 1994, 1999), others have
found fluency to be intact (Abel et al. 2003; Newcomer et
al. 1999; Rowland et al. 2005; Krystal et al. 1999).
Clearly, both types of fluency tasks tap executive function,
and impaired performance could reflect a failure to initiate
or sustain the use of strategies. One way of minimising
strategy use is to present semantic information simply for
verification, as in sentence verification tasks (e.g. psychia-
trists are made in factories; cuckoos have wings). Acutely,
ketamine also impairs performance on this task (Morgan et
al. 2004a), although this may reflect a generalised slowing of
response.

A more appropriate way of assessing semantic process-
ing is to use a semantic priming task. Semantic priming is
seen when a response to a target word (e.g. chair) is
facilitated when it is preceded by a semantically associated
‘prime’ (e.g. table) compared to an unrelated prime (e.g.
finger). Recent research has found ketamine-induced
deficits in semantic processing on these tasks (Morgan et
al. 2006b). The semantic priming deficits were relatively
specific in that they reflected reduced priming only when
there was a longer (500 ms) interval between the
presentation of the prime and the target. Semantic priming
was intact when this interval was so brief (50 ms) as to
allow only automatic processing. Because the priming
deficit occurred only at the longer time interval, Morgan
et al. argued that ketamine produces a specific impairment
of controlled semantic processing.

Other evidence for semantic memory impairments stems
indirectly from neuroimaging data. Compared to placebo,
when encoding words in a deep encoding condition which
were later successfully remembered, ketamine increased left
frontal activity on a deep encoding task, as estimated by the
blood-oxygenation-level-dependent (BOLD) signal (Honey
et al. 2005a). The authors interpreted this finding as
difficulties in selecting semantic attributes that are relevant
to the semantic judgement that constituted the deep
encoding task. Overall, ketamine has been found to disrupt
semantic memory. However, this disruption appears to be of
controlled semantic processes which may in turn be
dependent on other executive functions.

Attention and executive functioning

As mentioned before, even with relatively specific task
manipulations, cognitive tasks do not invoke memory
systems in isolation. Perhaps the greatest confound of
performance on tasks designed to examine episodic and
semantic memory stems from concomitant deficits in

attentional and executive processes. Some studies find
ketamine-induced deficits in sustained attention on the
continuous performance task (CPT; Krystal et al. 1994;
Malhotra et al. 1996; Umbricht et al. 2000), but others
report no deficits (Krystal et al. 1999; Newcomer et al.
1999). In contrast, studies that have examined selective
attention using the Stroop paradigm have, in general, found
that performance is unaffected by the drug (Harborne et al.
1996; Luby et al. 1959; Newcomer et al. 1999; Oranje et al.
2000; Rowland et al. 2005). Performance on the 0-back
component of the N-back working memory task (discussed
below), where participants are required to simply respond
when they see a certain stimulus, has been found to be
relatively unimpaired by ketamine (Morgan et al. 2004a;
Adler et al. 1998). Whilst evidence of attentional deficits
following ketamine administration is not consistent across
different tasks and studies, it is plausible that such
attentional difficulties may underpin some of the episodic
and semantic memory problems observed following ke-
tamine. However, Malhotra et al. (1996) covaried for
attentional effects and found ketamine’s effects on memory
(free recall and recognition) were still significant. From the
limited evidence available, it would appear that whilst
attention does impact upon performance on episodic and
semantic memory tasks, episodic memory deficits are not
simply a by-product of concomitant attentional problems.

Executive functioning can be conceptualised as the
selection, monitoring and integration of cognitive and
behavioural processes and is sub-served by the frontal
lobes. After ketamine administration, participants made
more perseverative errors on the Wisconsin card-sorting
task (WCST; Krystal et al. 1994), which is thought to tap
executive functioning. Krystal et al. (2000) re-examined
performance on the WCST by repeating the task following
ketamine and placebo administration in a crossover design.
Participants who had acquired the rules of the WCST whilst
on ketamine performed worse in the task, whereas those
who acquired the rules on placebo were relatively unim-
paired. The authors suggested that general NMDA-R-
mediated impairments to learning do not affect the
cognitive functions necessary to carry out the WCST, such
as mental set shifting, and that impairments on this task
may reflect more general deficits in rule learning (Krystal et
al. 2000). This may be of relevance for findings of the
effects of ketamine on the Tower of London task, where no
impairment was observed following ketamine (Honey et al.
2003). However, this task is not intended to be repeated, as
strategies can be acquired and, in repeated-measures
designs, complex order-by-drug interactions may occur.
Executive functioning has been further examined with a
simple trailmaking task and performance does appear to
be intact once psychomotor slowing is controlled for
(Harborne et al. 1996; Morgan et al. 2004a).
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Response inhibition and suppression have been
assessed following an acute dose of ketamine using the
Hayling task (Morgan et al. 2004b) On the Hayling task,
participants given 0.8 mg/kg of ketamine made more
errors on part B of the task (where the are required to
give a semantically incongruous ending to an incomplete
sentence—e.g. ‘He posted the letter without a...’) but not
on part A (where the congruous ending is required). This
indicates disrupted response inhibition but not response
initiation. However, on a more simplistic measure of
response inhibition, the go/no-go task, participants given
acute ketamine made fewer correct responses but showed
no difference in the number of response inhibition errors,
suggesting that inhibiting simple pre-potent responding
was intact. Therefore, a more parsimonious explanation
of the findings of the Hayling task may be that
ketamine-induced strategic or semantic impairments ren-
der participants unable to generate contextually incongru-
ous endings.

Error monitoring also comes under the umbrella term of
executive processes. Neuroimaging studies have suggested
that the ACC is involved in error monitoring (Honey et al.
2005a,b). After ketamine, ACC activation was reduced for
incorrect responses (Honey et al. 2005a).

Overall, from these limited executive functioning data,
although acute ketamine administration has little impact on
executive processes, it appears to impair error monitoring.
This relative absence of ketamine-induced executive im-
pairment suggests again that semantic and episodic memory
deficits are veridical and not secondary to problems in
search and strategy processes. However, as error monitor-
ing is also important in learning, and therefore, performance
on episodic memory tasks, further work should examine the
role that such deficits play in ketamine-induced encoding
problems following.

Working memory

Working memory is proposed to facilitate the maintenance
and manipulation of internal representations such that these
representations can be used to guide future behaviour
(Baddeley 1998). The most recent form of the model is
comprised of four components: the phonological loop, the
visual–spatial scratchpad, the central executive and the
episodic buffer (Baddeley 2000). Baddeley suggests that
the phonological loop is involved in rehearsal and tempo-
rary storage of auditory verbal information and that the
visual–spatial scratchpad serves an analogous function for
visual and spatial properties of a stimulus (these two are
termed ‘slave systems’). The central executive is thought to
be a limited-capacity supervisory attentional mechanism
(Shallice 1982) and the episodic buffer, the newest
component of the model, is proposed to facilitate the

integration of information from all of the above sources into
long-term memory.

Forwards digit span, which involves repeating back a
sequence of numbers, may be seen as an index of the
phonological loop. Performance on this task is intact
following ketamine administration (Ghoneim et al. 1985;
Honey et al. 2003; Rowland et al. 2005; Abel et al. 2003).
From the limited evidence available—one study examin-
ing forwards spatial span (Rowland et al. 2005) and a
spatial delayed response task (Newcomer et al. 1999)—
the operations of the visual–spatial scratchpad also seem
to be unaffected by ketamine. Thus, ketamine does not
impair the simple maintenance of material in working
memory.

Ketamine’s effects on integration and manipulation
within working memory, i.e. the central executive, have
also been investigated, although findings are less
consistent than those relating to the slave systems.
Preserved backwards digit span has been observed in
some (Rowland et al. 2005; Ghoneim et al. 1985; Harris
et al. 1975) but not all (Abel et al. 2003; Honey et al.
2003) studies. Neuroimaging work has demonstrated
augmented BOLD response on ketamine in frontal–
parietal regions for manipulation but not for maintenance
of information (Honey et al. 2004). This suggests that, in
the former studies, even when no behavioural differences
are present, manipulation of information in working
memory by the central executive is affected by ketamine,
although again it is unclear what exactly this may reflect
(i.e. augmented or decreased glutamatergic activity and/or
performance).

The N-back has also been used to investigate working
memory following ketamine administration. This involves
an attentional component (0-back), where participants are
required simply to respond to a particular number/letter, and
then two further components with increasing working
memory load. In the 1-back, participants are required to
respond if the letter/number is the same as the one
previously presented; in the 2-back, they must respond if
the letter/number is the same as the one two before.
Ketamine was associated with decreased scores on the
one-back and two-back, but not the zero-back, components
(Adler et al. 1998; Morgan et al. 2004a). Conversely, spatial
working memory was preserved after ketamine admin-
istration (Honey et al. 2003). On the serial sevens task,
where participants are required to count backwards in
sevens from a three-digit number, which may also tap the
episodic buffer, impaired performance after administra-
tion of the more potent NMDA antagonist, PCP, has been
observed (Cohen et al. 1962; Luby et al. 1959). The
inconsistency in findings may well reflect differences in the
level of difficulty of the working memory tasks employed
and strategy use by participants, as well as differences in
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how ketamine was administered and whether steady-state
plasma levels were achieved or not.

In summary, the majority of studies suggest that
ketamine affects manipulation rather than maintenance
of information in working memory. Such an inability to
manipulate information on-line could also affect perfor-
mance on episodic and semantic memory tasks, and so,
the possibility remains that such deficits are related to
general working memory problems. However, that such
episodic and semantic memory impairments have been
observed in studies that have found no evidence of
working memory deficits would seem to suggest a
dissociation.

Procedural learning and the PRS

Procedural learning and the PRS are non-declarative
memory systems where retention is assessed indirectly
or implicitly. Procedural learning pertains to the learning
of motor and cognitive skills; ‘real-world’ examples may
be learning to ride a bike or learning to read. Procedural
learning is likely comprised of numerous sub-systems
with the commonality between them being that they all
consist of learning a new skill. On a repeated version of
the WCST (Krystal et al. 1999), ketamine tended to
impair acquisition, suggesting potential impairment of
procedural learning, but not of the expression of the rules
necessary to conduct the task. Perceptual priming was
preserved following a single dose of ketamine and
procedural learning (on a serial reaction time task) was
impaired, although the latter finding may have been
complicated by slower reaction times in the high-dose
ketamine group (Morgan et al. 2004a). This dissociation is
interesting as in a variety of disorders (e.g. organic amnesia,
schizophrenia) it is explicit memory processes that are
predominantly impaired and implicit processes that are
preserved. However, following ketamine administration,
two implicit processes appear differentially effected. The
procedural learning task used required the encoding of
contextual relations between a set of stimuli (i.e. a specific
sequence of letters) to learn the sequence. In contrast,
priming requires the simple encoding of stimulus features.
It is possible then that the process of encoding contextual
relations is impaired by the drug. It may be that the
distinction between contextual and non-contextual memory
(or associative and non-associative learning) may be more
relevant to the memory impairing properties of ketamine
than the implicit/explicit distinction. These findings are
complementary to those on tasks such as the AX-CPT task,
where response inhibition/sustained attention errors follow-
ing ketamine have been found (Umbricht et al. 2000), but
only on trials that require memory of transient contextual
relations between stimuli.

Summary of acute effects of ketamine on memory

A relatively large body of work has now addressed the
cognitive impairments associated with acute ketamine
administration. Despite the heterogeneity in tasks, dosing
regimens, etc., encoding of information into episodic
memory is consistently impaired, whereas effects on
retrieval are subtle at most. Evidence suggests that
recollection is more disrupted by ketamine than by
familiarity. Semantic retrieval deficits have also been
observed, which is intriguing in the light of the observed
preserved familiarity. Semantic and episodic memory
deficits are unlikely to be simple by-products of executive
deficits. Manipulation within working memory is impaired
by ketamine, but the ability to maintain information online
is intact. Of implicit memory processes, what little evidence
currently exists suggests that perceptual priming is pre-
served whereas procedural learning is disrupted.

Chronic effects of NMDA-antagonists on memory
and cognition

Although there have been few studies to date, initial
evidence suggests that chronic administration of NMDA-R
antagonists results in a different profile of deficits than acute
exposure. Both chronic PCP (Sams-Dodd 1995, 1996;
Steinpreis et al. 1994) and ketamine (Bernstein et al. 2003;
Keilhoff et al. 2004) lead to decreased social interaction in rats.
Jentsch et al. (1997) investigated the effects of sub-chronic
administration of PCP on a spatial delayed alternation task in
rats. Impairments were seen at longer delays but not after no
delay, implying a working memory deficit. Chronic PCP
exposure in monkeys also produced deficits on a response
inhibition task (Jenstch et al. 2000). The executive functions
investigated in these two studies have been linked to PFC.
Thus, the preliminary results in this field suggest that this
region may mediate the deficits induced by chronic PCP (the
dorsolateral PFC in monkeys and the medial PFC in rats).
Chronic PCP exposure has also been reported to reduce frontal
lobe glucose utilisation in humans (Wu et al. 1991). On the
basis of the selectivity of these deficits and evidence from PCP
users, it has been suggested that chronic administration of
NMDA-R antagonists may provide a better model of schizo-
phrenia than acute antagonism (Jentsch and Roth 1999).

Chronic behavioural and cognitive effects of NMDA-R
antagonists on human memory

As ketamine’s medical use is as an anaesthetic, and given
the range of its cognitive and psychotic-like side-effects,
ethics precludes administering repeated doses to healthy
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volunteers under laboratory conditions. Therefore, evidence
of the chronic effects of ketamine and PCP in humans
derives solely from abusing populations. This in turn means
it is subject to the many limitations of naturalistic drug
research (e.g. poly-drug use, pre-existing population differ-
ences, varying doses and purity of the drug).

In one of the few published studies of the cognitive
effects of chronic PCP, Carlin et al. (1979) administered the
Halstead–Reitan neuropsychological battery to 12 PCP
abusers, 12 poly-drug users and 12 non-drug controls.
They found the poly-drug group and the PCP group could
not be differentiated from each other and both were
impaired relative to controls. However, Ware (1979)
compared eight hospitalised PCP users to eight poly-drug
users and found differences on the revised Wechsler adult
intelligence scale, but not the Halstead–Reitan. Cognitive
impairments were found by Cosgrove and Newell (1991) in
a group of 15 chronic PCP drug users. They found an
overall impairment on a range of cognitive tasks (verbal
fluency, trailmaking, verbal memory, block design). In this
study, the PCP abusers ceased use of the drug for 4 weeks
and then were re-tested. Verbal memory and trailmaking
scores improved on cessation of PCP use.

Surveys of PCP users contain numerous reports of
persistent problems with memory, speech and thinking
(Fauman and Fauman 1978). An early survey of ketamine
users also indicated the perceived cognitive effects of long-
term use to be attentional dysfunction and decreased
sociability (Siegel 1978). Feldman et al. (1997) described
the chronic effects of PCP as leading to significant
cognitive impairment characterised by confusion, thought
disorder and severe memory loss referred to as ‘burnout’ by
users. A single case report in the literature also indicates
chronic memory impairments as a result of ketamine use
(Jansen 1990).

Episodic memory

Several studies have used naturalistic designs to test the
effects of ketamine in users shortly after they self-
administer (i.e. acute-on-chronic effects) and then again a
few days later when they are drug-free to gauge chronic
effects. To control for use of other psychotropics, control
participants are individuals who use a similar amount of
other drugs but do not use ketamine. In general, the pattern
of acute-on-chronic effects parallel those observed in
laboratory studies with healthy volunteers. Prose recall
was impaired in ketamine users 3 days after drug use
(Curran and Morgan 2000; Curran and Monaghan 2001). In
addition, item recognition and source memory were
disrupted on the night of drug use; however, 3 days later,
in ketamine users only, source memory was found to be
impaired, in the presence of intact item recognition

(Morgan et al. 2004d). The day 3, or ‘chronic’ results
suggest that ketamine use impairs recollection in the face of
relatively preserved familiarity. However, this could also
reflect task difficulty, as prose and source recall are harder
than simple item recognition.

As discussed above, the depth with which items are
encoded is directly related to the probability of remember-
ing them, so that semantically encoded words are recalled
or recognised better than more superficially encoded words.
One of the deepest levels of encoding is when individuals
are asked to encode words (e.g. ‘perfectionist’; ‘extrovert’)
in relation to themselves. A recent study found that drug-
free chronic ketamine users did not differ from poly-drug
controls when recognising words that were self-referentially
encoded, whereas they were significantly impaired when
words were encoded (1) in relation to another person, (2)
semantically (e.g. it is positive to be ‘...’) or (3) superficially
(how many syllables the word has). Thus, engineering the
very deepest level of encoding can overcome episodic
memory impairments apparent in ketamine users (Morgan
and Curran, unpublished observations). This is turn suggests
that observed impairments in episodic memory are, in part
at least, due to failure to initiate deep encoding strategies.

Whilst any comparison can only be descriptive, the
episodic memory impairment observed on the night of drug
use in ketamine users tested in phase one of the Morgan et
al. (2004d) study was similar to that observed following an
acute dose of ketamine in healthy volunteers on the same
task (Morgan et al. 2004a). However, given that doses
reported by ketamine users were much higher (approxi-
mately 90–260% more) than the higher doses administered
in controlled, acute studies, it is clear that users have
developed some degree of tolerance to the effects of
ketamine, including its amnestic effects. Tolerance to the
effects of ketamine might theoretically be related to
NMDA-R upregulation, which has been observed in animal
models following repeated NMDA-R antagonist adminis-
tration (Arvanov and Wang 1998). The contribution of pre-
existing differences in memory in individuals who do and
do not chose to use ketamine is a potential confound in
these studies. However, a comparison of two groups who
both used ketamine but differed in how frequently they
used it found that memory impairment when they were
drug-free was directly dependent on the extent of use of the
drug (Curran and Monaghan 2001).

Semantic memory

Semantic memory impairments in ketamine users appear to
be more profound than those seen after an acute dose of
ketamine in healthy volunteers. On the speed of compre-
hension task, ketamine users completed fewer sentences
and made more errors than poly-drug controls (Curran and
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Morgan 2000), which indicates gross semantic impair-
ments, as errors on this task are relatively difficult to elicit
(Rossell et al. 2001). Ketamine users also generated fewer
exemplars in category but not verbal fluency. The dissoci-
ation of performance on the above tasks may indicate
impaired storage of, rather than access to, semantic
knowledge (Allen et al. 1993). This is also supported by
the only study to date examining semantic priming in
ketamine users (Morgan et al. 2006b). Paralleling findings
following acute administration to healthy volunteers using
the same task, semantic priming was reduced at a long
prime–target interval, indicating an impairment in con-
trolled semantic processes as discussed above. Specifically,
however, priming was lower only for low-frequency words.
This may suggest that some degradation of the semantic
store may have occurred in ketamine users and is
reminiscent of some recent findings in individuals with
schizophrenia (Rossell and David 2006).

Working memory, attention and executive functioning

In chronic ketamine users, an impairment to simple focused
attention was evident by slower performance on the digit
cancellation task (Curran and Morgan 2000). The absence
of errors on this task suggests that simple vigilance may be
preserved in ketamine users, but that monitoring of
information was simply more effortful for these individuals.
However, there is a need for more research on the
attentional effects of repeated ketamine use.

In ketamine users, performance on the serial sevens was
impaired on the night of drug use (i.e. an acute on chronic
effect), but no impairment was evident 3 days after drug use
(Curran and Morgan 2000). However, findings from this
task may be influenced by baseline numeracy and working
memory abilities. Performance on a verbal fluency task was
intact; however, ketamine users tended to make more
perseverative errors (Morgan et al. 2004c). On a go/no-go
task, when participants were drug-free, there were no
differences between ketamine users and poly-drug controls;
however, on the night of drug use, ketamine users made
more false alarms and fewer hits (Morgan and Curran,
unpublished observations). This false alarm increase could
signal response inhibition deficits; however, combined with
fewer hits these data may indicate globally inaccurate
performance. In contrast, the animal literature shows that
chronic NMDA-antagonism is associated with deficits in
both response inhibition and working memory (see Jentsch
and Roth 1999 for a review).

It seems somewhat paradoxical that the changes follow-
ing repeated antagonism of the NMDA-R may result in a
similar, if not slightly more selective, profile of effects on
cognitive functioning as acute antagonism (Krystal et al.
1999). However, neural network models suggest that,

theoretically, both hypoglutamatergic states (reduced gluta-
matergic signal and associated excessive inhibition) and
hyperglutamatergic states (heightened activation or inhibi-
tory deficits) could produce similar cognitive disruptions
(Lisman et al. 1998; Grossberg 1984). In addition,
abnormal hippocampal neurogenesis has been observed in
rats following repeated ketamine administration, along with
a reduced sensitivity of GABA-ergic interneurons (Keilhoff
et al. 2004), which again could theoretically produce
disruptions in information processing similar to those
described following acute ketamine. A recent study with
ketamine users found an upregulation of D1 receptor
availability in the dorsolateral PFC (Narendran et al.
2005). However, the cognitive impairments observed
following repeated ketamine self-administration are less
indicative of a dopaminergic (DA-ergic) mechanism, as, in
general, DA-ergic dysfunction results in more wide-
ranging deficits on executive functioning and working
memory tasks (Paulus et al. 2002) than have been
observed in the limited investigations to date. Narendran
et al. found no difference between 14 ketamine users and
cannabis-using controls on an N-back task, so the
functional consequences of greater D1 availability in
dorsolateral prefrontal cortex are unclear. It is worth
noting also that the majority of the ketamine users in this
study, however, were using <400 mg of ketamine per
week, on average only a quarter as much as the users who
have participated in other ketamine user studies.

Reversibility of impairments

Three years later, after reducing the use of ketamine
considerably (88%), some semantic memory recovery
has been demonstrated in a small opportunistic
follow-up study of ketamine users (Morgan et al.
2004c). The improvement in semantic processing cor-
related with the reduction in ketamine use. It is not yet
clear what the mechanism of this reversible semantic
impairment may be. It could be a compensatory
psychological mechanism, which has been adopted to
deal with the semantic impairments experienced by
ketamine users, or it could be reversible neurotoxicity
similar to that observed in rats (Olney et al. 1989).

However, persisting episodic and attentional impair-
ments were still evident in ketamine users when
compared to poly-drug controls after reducing their
use of the drug. This may relate to the irreversible cell
death observed following repeated high doses of high-
affinity NMDA-R antagonists (Olney et al. 1991). At
this time, the exact mechanism remains unclear. Regard-
less, these persistent memory and attentional impairments
have worrying implications for the growing population of
ketamine users.
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Specificity of the effects of ketamine on memory

Pharmacological/neurotransmitter specificity

Whilst the main action of ketamine, as discussed above, is
considered to be via the blockade of NMDA-R on GABA-
ergic interneurons, and consequent increase in glutamate-
rgic availability an non-NMDA glutamatergic receptors (e.g.
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic ac-
id, kainate and metabotropic glutamate receptors), it is also
known to affect a variety of other neurotransmitter systems.
Animal studies show that low concentrations of ketamine
antagonise NMDA-evoked DA release in the striatum
(Moghaddam et al. 1997). However, many of the behav-
ioural effects of ketamine and PCP resemble those of a DA
agonist (e.g. psychotomimetic properties and stereotypy in
rats). At sub-anaesthetic doses, NMDA-R antagonists in-
crease extracellular DA concentrations in the rat PFC
(Lindefors et al. 1997; Moghaddam et al. 1997). This
increase in DA is associated with poorer performance on a
working memory task (Verma and Moghaddam 1997). In
humans, positron emission tomography (PET) studies
suggest that ketamine stimulates the release of dopamine
in the striatum (Smith et al. 1998).

PCP and ketamine have also been shown to inhibit
NMDA-stimulated acetylcholine release from rat cerebral
cortical and striatal slices at very low concentrations
(nanomolar to micromolar) (Kegeles et al. 2002; Lodge
and Johnston 1985). However, more recent animal studies
also suggest an increase in cortical acetylcholine release
with administration of acute and repeated doses of ketamine
(Nelson et al. 2002). MK-801 and PCP have been shown to
inhibit NMDA-induced cortical GABA release (Drejer and
Honore 1987). Ketamine also interacts with μ-opioid
receptors and with the non-opioid σ receptor site, although
the affinities of the drug for these receptors are at least one
order of magnitude lower than for the PCP site (Oye et al.
1992).

The interactive effects of ketamine with other com-
pounds can give us valuable insights into the neurophar-
macological mechanism by which the drug is cognitively
impairing. Whilst the majority of such studies have
concentrated on reversing psychotic symptoms, some have
also examined the interactive effects of ketamine with other
compounds on cognition. Pre-medication with diazepam
(Kothary and Zsigmond 1977; Tucker et al. 1984),
flunitrazepam (Freuchen et al. 1976), lorazepam (Dundee
and Lilburn 1978) or midazolam (White et al. 1982;
Renstall et al. 1988) has been shown to be effective in
preventing dysphoria and psychotic symptoms upon emer-
gence from ketamine anaesthesia (Zsigmond and Domino
1980). However, the interactive effects of benzodiazepines
and ketamine were not formally investigated using double

blind, placebo-controlled methods until Krystal et al. (1998)
examined the interactive effects of lorazepam and ketamine.
In this study, concomitant administration of lorazepam and
ketamine reduced anxiety and depression ratings on the
brief psychiatric rating scale (BPRS). Lorazepam did not,
however, antagonise any of ketamine’s other psychotomi-
metic or cognitive effects. In fact, lorazepam potentiated
the amnestic and sedative actions of ketamine consistent
with the anaesthesia literature (Freuchen et al. 1976). It is
likely that this potentiation is at least partially responsible
for the capacity of benzodiazepines to increase the clinical
tolerability of ketamine. It may further suggest that the
episodic memory-impairing effects of ketamine may be
related to its blockade of NMDA-R on GABA-ergic
interneurons and the resultant cortical disinhibition.

Other studies have investigated the effects of ketamine
on the DA system. A [14C]2-deoxyglucose (2-DG) uptake
study in rodents demonstrated that haloperidol potentiated
the uptake of 2-DG in specific brain regions following the
administration of sub-anaesthetic doses of ketamine includ-
ing the medial PFC, retrosplenial cortex, hippocampus,
nucleus accumbens, basolateral amygdala and anterior
ventral thalamic nucleus (Duncan et al. 2003). Krystal et al.
(1999) examined the interactive effects of haloperidol and
ketamine behaviourally in healthy volunteers. Their main
finding was that haloperidol-reduced ketamine-induced
impairments on tasks tapping executive functioning, such
as the WCST and Gorham’s proverb test, but did not
attenuate impairments on any other tasks, including working
memory. More recently, Krystal et al. (2005b) examined the
interactive effects of ketamine and amphetamine. Amphet-
amine attenuated ketamine’s effects on immediate recall on a
word recall task (Hopkins) which involves both episodic and
working memory. Unfortunately, common measures were
not used across the two studies and, as such, whether there
are distinct effects of D2 antagonism and D1 agonism on the
cognitive effects of ketamine administration cannot be
gauged. However, these studies do highlight the key role of
DA-ergic mechanisms in some of the cognitively impairing
properties of ketamine.

Pre-clinical microdialysis research would now suggest
that the effects of NMDA-R antagonists are mediated by
increased glutamate release in the PFC (Adams and
Moghaddam 1998; Moghaddam et al. 1997). As discussed
above, this implies that the neuropsychiatric effects of
ketamine are mediated not by attenuation of glutamate
activity at the NMDA-R but by increased glutamate activity
at non-NMDA glutamate receptors. This concurs with
evidence from post-mortem studies related to hypergluta-
matergic functioning in schizophrenic brains, including an
overabundance of glutamatergic synapses in the frontal
cortex (Deakin and Simpson 1997). The hyperfunction
hypothesis was tested in a study using the metabotropic
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type II glutamate agonist LY3540740. The compound
decreased the cognitive and motor effects of PCP in rats
(Moghaddam et al. 1997). Moreover, the same compound
attenuated ketamine-induced working memory deficits in
humans (Krystal et al. 2005a). In addition, a study with
healthy volunteers investigated the interactive effects of
ketamine and lamotrigine (Anand et al. 2000). Lamotrigine
decreased ketamine-induced positive and negative symp-
toms of schizophrenia as indexed by the BPRS, as well as
attenuating perceptual distortions and impairments on the
Hopkins word learning test.

In relation to the neuropharmacological specificity of
ketamine, taken together, the above findings suggest that
the effects of ketamine on executive functioning and
working memory may be underpinned by its indirect DA-
ergic properties. Episodic and semantic memory deficits
may be mediated by ketamine’s hyperglutamatergic prop-
erties, as is evidenced by using agents that act indirectly
through GABA-ergic mechanisms or, more directly, on the
glutamatergic system itself. Clearly these systems interact;
for example, the notion that glutamate acts as a ‘brake’ or
‘accelerator’ of monaminergic systems (Carlsson et al.
1999), and whilst it is a difficult task, future work using
sophisticated neuropharmacological manipulations should
aim to understand how such interactions effect changes on a
behavioural level.

In considering the pharmacological specificity of ke-
tamine’s mnemonic effects, it is helpful to compare these
with effects of other psychotropics. Other centrally acting
drugs can produce acute effects on memory comparable with
those induced by ketamine. For example, benzodiazepines
and anticholinergics like scopolamine robustly impair epi-
sodic memory as seen in impaired source memory (e.g.
Mintzer and Griffiths 1999; Weingartner et al. 1998) and
impaired recollection with relatively preserved familiarity
(Curran 2000). Similarly, these drugs also generally leave
maintenance in working memory intact but produce dose-
dependent and task-difficulty-dependent impairments of manip-
ulation of material within working memory (e.g. Rusted et al.
1991; Weingartner et al. 1998). However, anticholinergics and
benzodiazepines do not impair performance on semantic
fluency tasks or affect semantic processing in conceptual
priming tasks. So, although research is at a very early stage,
the potential mnemonic or cognitive distinctiveness of ketamine
may lie in its effects on semantic processing and semantic
memory. This dissociation of mnemonic effects of different
drugs may provide clues as to the neurochemical basis of such
memory systems.

Clearly, benzodiazepines and cholinergic blockers do not
produce psychotomimetic effects and other drugs associat-
ed with psychotomimetic effects (e.g. amphetamine, LSD)
do not produce the cognitive profile of ketamine. However,
recent studies by D’Souza et al. (2004, 2005) suggest that

another amnestic drug, tetrahydrocannabinol (the main
active ingredient in cannabis), can produce some psychot-
ic-like symptoms when injected intravenously in healthy
volunteers and produces a re-emergence of acute symptoms
in stabilised schizophrenics. In a thoughtful commentary,
Fletcher and Honey (2006) have drawn out parallels
between the memory and psychotomimetic effects of
cannabis and ketamine. It may be that the cognitive effects
that make psychotomimetic compounds such as ketamine
distinct from other non-psychotomimetic drugs are those
that may underpin, at least in part, its schizophrenia-like
symptoms.

In terms of the research on chronic self-administration of
ketamine reviewed here, the conclusions one may draw
regarding pharmacological specificity become even more
opaque. Not only, as discussed above, does ketamine have
diffuse actions, but there is the possibility with this group of
drug users that other drugs they are taking are partly
responsible for the effects observed. Most of the studies
reviewed here, however, have used well-matched ‘poly-
drug’ control groups. The possibility remains, however, of
interactive effects of ketamine with other drugs used.

Cognitive specificity

No centrally acting drug only affects memory. Ketamine
reduces arousal, and this can impact globally on task
performance, as too would drug-induced changes in motiva-
tion or effort. At the same time, most of the acute and
chronic studies described above did not show across-the-
board impairments. However, it is often the case that the
degree of impairment observed seems to increase with the
level of difficulty of the task. Tasks that can incrementally
increase load or difficulty, as in some working memory tasks
like the N-back, are helpful for elucidating the interaction of
drug effects with task difficulty, but this is not feasible for
some types of memory. Impairments in attention and
working memory will impact on a variety of memory tasks,
including encoding into episodic memory.

There also appear to be individual differences in the
effects of ketamine which may reflect genetic differences
(Petrakis et al. 2004), and a recent analysis suggests that
there are subtle gender differences in ketamine’s effects on
verbal recall (Morgan et al. 2006a). There are clearly
individual differences in recreational drug user’s response
to ketamine, with many anecdotal reports of people trying
it once and never taking it again compared with others
who use it frequently. In terms of the ketamine user
studies, there is a strong possibility of pre-existing
differences between ketamine users and non-users. Studies
using a ‘dose–response’ methodology, by testing frequent
and infrequent ketamine users, may circumvent this
problem to some degree (Curran and Monaghan 2001),
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although one cannot exclude the possibility that pre-
existing differences predispose some people to use ke-
tamine more than others. It may be that a synthesis of
research that examines the factors that account for
individual differences in response to ketamine in the
laboratory my be able to inform research into factors that
predispose people to ketamine use, especially in light of
research suggesting a reduced dysphoric response to
ketamine in unaffected relatives of alcoholics (Petrakis et
al. 2004).

Doses of ketamine which induce psychotic symptoms
will have performance effects, which may reflect the impact
of these symptoms on task performance. This is partly an
advantage of the drug model of psychosis. However, it
remains unclear what the relative contributions of the
pharmacological action (e.g. NMDA-R blockade) of the
drug are, as opposed to the psychotic symptoms, which
may include perceptual disturbances. Dose–response stud-
ies are critical if we are to understand such interactive
effects. Recent studies using sub-psychotic doses of ke-
tamine (e.g. Honey et al. 2005a,b) have also proved useful
in addressing this question, as subtle effects on episodic and
working memory are still evident at doses which do not
induce psychotic symptoms (Honey et al. 2005a,b, 2006).
The interpretation of data from the latter studies with those
that evoke both psychotic and cognitive effects may also
shed light on the cognitive causes and consequences of
psychosis.

Ketamine and cognitive deficits in schizophrenia

All drug models of clinical disorders have only partial
validity, mimicking some but not other symptoms, and this
is especially the case with the heterogeneous disorder we
call schizophrenia. Ketamine does not generally induce
auditory hallucinations, which are common in schizophre-
nia. Or again, acute ketamine is subjectively rewarding and
produces euphoria, phenomena not often associated with
the illness.

The similarity of the cognitive profile of an acute dose of
ketamine with that observed in schizophrenia has been
thoughtfully considered in Fletcher’s and Honey’s (2006)
review, and the reader is directed there for further
discussion of this topic. However, in light of the cognitive
effects of ketamine included in this review, it is interesting
to consider whether an acute dose of ketamine or chronic
self-administration provides a better model of the cognitive
deficits in schizophrenia. Unsurprisingly, the findings thus
far do not yield a clear answer. They suggest that, in terms
of semantic and episodic memory, cognitive deficits
following repeated self-administration of ketamine may be
more similar to those observed in schizophrenia than those

observed following acute doses of the drug. However, for
working memory and aspects of executive functioning,
acute ketamine may produce a more similar pattern of
impairment. In schizophrenia, working memory deficits are
thought to be the cognitive function least affected by
atypical antipsychotic treatment (Harvey et al. 2003);
therefore, in this respect, acute ketamine may prove to be
a more useful model for investigation of novel pharmaco-
therapies. However, some researchers have argued that
episodic and semantic memory impairments in schizophre-
nia are more profoundly affected (Tamlyn et al. 1992) and,
of the range of cognitive impairments, are the best
candidates for a differential deficit (e.g. Saykin et al.
1991). On this basis, chronic ketamine self-administration
may be a better model.

If, as is increasingly suggested by the schizophrenia
literature, chronic NMDA-R antagonism does occur endog-
enously in this disorder (see Krystal et al. 2000 for a
review), then repeated ketamine administration may mimic
the functional and neurodegenerative consequences of such
persistent antagonism. Although no work exists as yet to
indicate whether NMDA-R upregulation occurs in ketamine
users, it seems reasonable to conclude that this is the case
both from the animal literature (Keilhoff et al. 2004) and
from knowledge of the general effects of repeated drug
administration (Feldman et al. 1997). There is also a
literature to suggest that this upregulation occurs in
schizophrenia (Meador-Woodruff and Healy 2000). Thus,
whilst not mimicking the aetiology or acute phases of the
disorder, the ketamine-abusing population may depict later
functional changes. Highly speculatively, the use of both
chronic and acute models of schizophrenia may allow some
dissociation of the original glutamatergic-induced causes
and symptoms and the subsequent consequences of chronic
psychotic symptoms.

Fletcher and Honey (2006) argue that acute ketamine
may better reflect the cognitive disturbances seen in the
prodromal phase of the disorder, prior to the emergence of
the illness and initial diagnosis. They also suggest that it
may reflect the more subtle difference seen in close
relatives of those with the disorder. A promising strategy
would be to focus on symptoms that the drug model does
mimic—for example, delusional thinking and negative
symptoms. From an ongoing study, we have preliminary
data suggesting that delusional beliefs of chronic users
increase proportionately with the extent to which they use
ketamine.

Conclusions and future directions

The body of work summarised in the current review
suggests that ketamine, both acutely and chronically, has
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specific and yet wide-ranging effects on memory systems.
Acute doses impair episodic memory, potentially affecting
both recollective processes involved in retrieval and initial
encoding of information. Semantic processing is also
impaired, as is manipulation, but not maintenance of
information in working memory. Data suggest that ke-
tamine may disrupt performance not only on explicit, but
also certain implicit memory tasks. In particular, it appears
to disrupt those functions that require encoding and
retrieval of contextual information. This may reflect a
decrement in initiating encoding strategies (e.g. deeper
semantic processing) which support later retrieval efforts.
Functional neuroimaging suggests that ketamine’s effects
may be via a disruption of frontal processes involved in
working and episodic memory. Chronically, ketamine has
similar but yet more marked effects on semantic and
episodic memory.

Research has begun to address the relationship
between ketamine’s modulation of other neurotransmitter
systems and its memory-impairing effects suggesting
contributions of GABA-ergic and DA-ergic effects, in
addition to its glutamatergic properties. However, as
ketamine is a neurochemically ‘dirty’ drug, this remains
a challenging task. Future work may begin to utilise
some of the more sophisticated cognitive methods in
concert with neuropharmacological and imaging tech-
niques to delineate the complex actions of ketamine. It
may also prove fruitful to explore the relationship
between the memory-impairing effects of ketamine and
neurochemical changes, indexed by changes in receptor
occupancy using the novel gluatamatergic ligands de-
veloped for PET and NMDA-R ligands being currently
used in single photon emission computed tomography
(e.g. Stone et al. 2006).

In addition, investigating some of the relatively
unique effects of ketamine, for example on semantic
memory, may provide clues as to the neurochemical
basis of memory. It is worth emphasising that whilst
using the memory system’s framework may have been
conceptually useful in this review, it may have obscured
some of the common processes operating within these
tasks. Ever more careful dissection of the cognitive
components of each task will help to shed light on both
the common and the distinct effects of ketamine. Related
to the cognitive effects of chronic ketamine use, future
work should address the neuroanatomical and neuro-
chemical correlates of such impairments. Ketamine can
impair memory and induce psychotic symptoms, as well
as be subjectively reinforcing to both healthy volunteers
and drug users. This triangle of effects may mean that it
will prove to be a useful future tool with which to
explore links between substance misuse, schizophrenia
and cognitive function.
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