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Abstract

BACKGROUND—Increased susceptibility to cognitive impairment or psychosis in adulthood is

associated with adolescent drug abuse. Studies in adults have identified impairments in attention

and memory, and changes in EEG, as common consequences of ketamine abuse. In contrast, the

effects of ketamine on the juvenile brain have not been extensively tested. This is a significant

omission, since abuse of ketamine is often observed within this age group.

OBJECTIVES—Juvenile mice (4–6 weeks of age) were administered ketamine (20 mg/kg) for

14 days. EEG was assessed in response to auditory stimulation both at one week following

ketamine exposure at 7 weeks of age (juvenile) and again at 12 weeks of age (adult). EEG was

analyzed for baseline activity, event-related power and event-related potentials (ERPs).

RESULTS—While no effects of ketamine exposure were observed during the juvenile period,

significant reductions in amplitude of the P20 ERP component and event-related gamma power

were seen following ketamine when re-tested as adults. In contrast, reductions in event–related

theta were seen in ketamine-exposed mice at both time points.

CONCLUSIONS—Age related deficits in electrophysiological components such as P20 or event-

related gamma may be due to an interruption of normal neural maturation. Reduction of NMDAR

signaling during adolescence leads to delayed-onset disruption of gamma oscillations and the P20

component of the ERP. Further, delayed onset of impairment following adolescent ketamine abuse
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suggests that methods could be developed to detect and treat the early effects of drug exposure

prior to the onset of disability.
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1. INTRODUCTION

Ketamine is associated with a high prevalence of abuse, especially in adolescents. Current

estimates in the United States suggest that 1% of 8th graders and approximately 2% of 12th

graders have used ketamine within the previous year. Outside of the US, increased

prevalence of adolescent ketamine use has been reported in South America, Europe and

Asia. Indeed, ketamine has recently become the most commonly abused substance amongst

adolescents in Hong Kong (UNODC, global drug report). As such, it is likely that adolescent

ketamine abuse will remain a serious global health concern for the immediate future.

Ketamine abuse in adults has been shown to produce lasting cognitive and psychiatric

changes. Frequent users show poorer performance on spatial working memory and pattern

recognition memory tasks as well as increased dissociative and affective symptoms (Morgan

et al., 2010). These deficits overlap with decreases in prefrontal grey matter and increases in

white matter abnormalities (Liao et al., 2011, 2010) as well as increased dopamine D1

receptor up-regulation (Narendran et al., 2005). In adult rodents, chronic ketamine treatment

produces lasting disruptions in working memory (Rushforth et al., 2011), attentional set-

shifting (Nikiforuk and Popik, 2012), long-term memory (Amann et al., 2009; Featherstone

et al., 2012), reversal learning (Featherstone et al., 2012) and social interaction (Becker and

Grecksch, 2004; Becker et al., 2003), consistent with disruption of higher-order executive

function and memory. Indeed, long-term ketamine use is associated with decreased cortical

activity and increased glutamate concentration (Chatterjee et al., 2012; Yu et al., 2012).

Despite the widespread use of ketamine by adolescents, little is known about the long-term

consequences of sustained adolescent ketamine abuse on neural development and adult

cognition. Relative to adult animals, neonatal rodents and primates show heightened

sensitivity to the apoptotic effects of acute and chronic ketamine (Scallet et al., 2004;

Slikker et al., 2007; Young et al., 2005; Zou et al., 2009), and display deficits in learning

and memory following early ketamine exposure that extend into adulthood (Fredriksson et

al., 2007; Huang et al., 2012; Paule et al., 2011). The limited number of studies conducted in

adolescent animals to date have suggested an attenuated effect of ketamine relative to adult

animals (Wiley et al., 2008). To our knowledge, no longitudinal studies have assessed the

effects of prolonged adolescent ketamine exposure on adult brain function. tudies with other

drugs of abuse have identified the adolescent period as a time of increased vulnerability to

later drug-induced cognitive impairment or psychotic-like symptoms in adulthood (Pope et

al., 2003), suggesting that the adolescent brain is especially malleable to the negative effects

of exposure to drugs of abuse.

The current study examined the effects of chronic ketamine exposure in adolescent mice on

electroencephalographic (EEG) indices of brain function, including Event-Related Potentials
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(ERPs), baseline power and event-related power, both at one week following cessation of

exposure and during adulthood. EEG measures are particularly useful for addressing the

neurodevelopmental effects of ketamine since there are clear developmental changes on

EEG measures (Uhlhaas and Singer, 2011), EEG measures are relatively immune to

potentially confounding changes in motor or non-auditory sensory development, and have

been very well characterized following ketamine treatment (Amann et al., 2009; Connolly et

al., 2004; Ehrlichman et al., 2009, 2008; Featherstone et al., 2012; Majewski-Tiedeken et al.,

2008; Maxwell et al., 2006; Siegel et al., 2003). Additionally, several EEG phenomena are

altered in disorders thought to be due to abnormal NMDA receptor mediated glutamate

signaling, such as schizophrenia (Adler et al., 1998; Gonzalez-Burgos et al., 2011;

Johannesen et al., 2008; Roach and Mathalon, 2008; Siegel et al., 1984; Uhlhaas and Singer,

2010). EEG oscillations are highly regulated by GABA and glutamate systems, both of

which undergo substantial development during the adolescent period (Behrens and

Sejnowski, 2009; Huppe-Gourgues and O'Donnell, 2012; Tseng and O'Donnell, 2005; Wang

and Gao, 2009). Deficits in EEG power in schizophrenia are prominent in brain areas that

are critical for cognitive performance, and thus, may reflect alterations in neural processes

underlying cognitive function (Lewis and Gonzalez-Burgos, 2006). Additionally, increases

in power within both the theta and gamma frequency range occur during performance of

attention, working and long term memory tasks, further supporting a link between the

generators of these rhythms and neural mechanisms for associated cognitive processes

(Duzel et al., 2010; Lega et al., 2012; Tesche and Karhu, 2000).

2. METHODS

2.1 Subjects

C3H/HeHsd male mice (Jackson Laboratories, Bar Harbor, ME.) were used. Mice were

purchased at 21 days of age and were given one week to acclimate to the vivarium prior to

the start of experimentation. Mice received 14 daily injections of ketamine starting at 4

weeks (28 days) of age. Implantation of electrodes took place 2 days following the last

injection (44 days), with EEG recording performed following recovery from surgery (51

days). Mice were housed in a room maintained at 22 (±2) °C and were kept on a 12:12 light/

dark cycle (lights on at 08:00). Standard laboratory mouse chow and water were available ad

libitum over the duration of the experiment. All procedures adhered to the NIH Guide for the

Care and Use of Laboratory Animals and the local Institutional Laboratory Animal Care and

Use Committee (IACUC) guidelines.

2.2. Injections

Mice received either 0.9% Saline (n=10) or 20 mg/kg Ketamine (n=12), injected I.P. daily

over a 14 day period. All injections were administered in a 0.1 ml/kg volume.

2.3. Electrode implantation

Electrode implantation took place under 1% isoflurane anesthesia. A series of three small

holes were drilled into the skull at −1.8, −0.8 and +0.2 mm AP to bregma; and 2.65 mm

lateral. A positive electrode was placed into right hippocampal region at 1.8 mm posterior,

2.65 mm lateral, and 2.75 mm dorsal to bregma. A reference electrode was lowered onto the
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surface of the ipsilateral cortex at 0.2 mm anterior, 2.75 mm lateral, and 0.75 mm dorsal. A

ground electrode was lowered onto the cortical surface between the positive and reference

electrodes at 0.8 mm posterior, 2.75 mm lateral, and 0.75 mm dorsal. Ethyl cyanoacrylate

(Loctite, Henkel KGaA, Duesseldorf, Germany) and dental cement (Ortho Jet, Lang Dental,

Wheeling IL, USA) were used to secure the electrodes to the skull. One week was given to

allow for recovery before EEG testing.

2.4. EEG recording and analysis

The EEG testing apparatus consisted of 8 standard mouse cages, modified to allow

placement of a speaker on the top of the cage for delivery of auditory stimuli, located within

a Faraday cage. Auditory stimuli were generated by Micro1401 hardware and Spike2,

version 6.0 software (Cambridge Electronic Design, Cambridge, UK). EEG was recorded

during auditory click presentations (8.5 sec inter-stimulus interval) of a white noise tone (10

msec duration, 85 dB). Mice received a total of 300 clicks. To minimize the effects of stress,

animals were given 15 minutes to acclimate to the ERP apparatus prior to each ERP

recording session. ERPs were analyzed using Spike2 software (CED, Cambridge, UK).

2.4.1. Baseline Power—Raw EEG was recorded for a 60 sec period prior to the start of

auditory stimuli. The fast Fourier transformation function native to Spike2 was used to

decompose power into 0.81 Hz bins (Hanning window). Absolute Gamma was quantified as

the average of EEG power between 30 and 80 Hz, while Relative Gamma was quantified as

the sum of EEG power between 30 to 80 Hz divided by the total sum of EEG power

between 1 and 120 Hz. Absolute Theta was quantified as average of EEG power 4 to 12 Hz,

while Relative Theta was defined as the sum of EEG power between 4 and 12 Hz divided by

the total sum of EEG power between 1 and 120 Hz.

2.4.2. Event-Related Spectral Power (ERSP)—Data were processed using EEGLAB

(Schwartz Center for Computational Neuroscience) to create a time-frequency measure for

power. Three hundred single-trial epochs, ranging from minus1 to plus 2 sec relative to click

onset, were extracted from continuous EEG recorded during clicks and subjected to further

analysis. Power was calculated using Morlet wavelets in 116 logarithmically spaced

frequency bins between 4 and 120 Hz, with wavelet cycle numbers ranging from 2 to 10

(Delorme and Makeig, 2004). Power was expressed in decibels (dB) as logµv10. The

frequency band between 4 and 12 Hz was defined as theta, and 30 to 80 Hz as gamma. Theta

was quantified as the average power between 0 and 200 msec, while gamma power was

quantified as the average from 0 to 60 msec.

2.4.3. Event-related Potentials—The amplitude of each ERP waveform component was

quantified as the change in amplitude relative to the previous point of inflection. These

included the P20 (maximum value between 15 and 35 msec) and the N40 (minimum value

occurring between 25 and 60 msec). Latency was calculated separately for each component

(P20, N40) and was defined as the time point at which the maximum (for positive

components) or minimum (for negative components) deflection occurred within the relevant

time interval.
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3. RESULTS

3.1. Baseline Power

3.1.1. Theta—Absolute baseline theta did not significantly vary as a function of either age

or treatment, but a significant interaction occurred between these two variables [F(1,16)=4.9,

p<0.05]. Post hoc tests showed a significant increase in absolute baseline theta in ketamine-

treated mice when assessed as juveniles (p<0.05), but this was not seen in the same mice

when assessed as adults. A significant decrease in relative theta power occurred as a

function of age [F(1,16)=41.1, p<0.05]. Chronic ketamine did not affect relative theta

baseline power, nor was a significant interaction seen between drug treatment and age.

3.1.2. Gamma—Absolute gamma increased as a function of age [F(1,16)=21.5, p<0.01]

and a significant interaction was observed between age and treatment [F(1,16)=5.2, p<0.05].

Post hoc analyses showed a significant increase in absolute gamma power in ketamine-, as

compared to saline-treated mice when assessed as juveniles (p<0.01), but these groups did

not differ when assessed as adults. Additionally, a significant increase in absolute gamma

power was found in saline-treated mice as a function of age (p<0.001). This age-related

increase was not present in animals treated with ketamine as juveniles. Relative gamma

power increased as a function of age [F(1,16)=25.2, p<0.05], and this was significantly

modified by chronic ketamine treatment [F(1,16)=6.7, p<0.05]. Post hoc analyses showed a

significant increase in gamma power as a function of age in saline-treated, but not ketamine-

treated, mice (p<0.001).

3.2. Event Related Spectral Power (ERSP)

3.2.1. Theta—Adult mice showed significantly lower theta ERSP [F(1,16)=6.7, p<0.05],

suggesting an age related decrease in this measure. Chronic ketamine significantly decreased

theta power [F(1,16)=4.6, p<0.05]. The interaction between age and ketamine treatment was

not significant, suggesting that ketamine disrupted theta ERSP at both developmental time

points.

3.2.2. Gamma—A significant interaction was observed between age and drug treatment

[F(1,16)=4.6, p<0.05] in chronic-treated animals, driven primarily by a decrease in gamma

power in adult ketamine-treated mice relative to adult saline-treated mice (p<0.028). In

contrast, no effect of chronic ketamine treatment was observed in juvenile mice.

3.3. Event-related Potentials

3.3.1. P20 amplitude—The effect of chronic ketamine treatment on P20 amplitude was

dependent upon age [F(1,16)=5.7, p<0.05], with ketamine-treated mice showing

significantly lower P20 amplitude relative to saline-treated mice when assessed in adulthood

(p<0.05) but not earlier. This suggests that chronic ketamine treatment during adolescence

induced an alteration in P20 amplitude that only emerged as a function of maturation. Thus,

in saline-treated mice, a significant increase was seen in P20 amplitude as a function of

increasing age (p<0.05), while a similar change failed to emerge following chronic ketamine

treatment.
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3.3.2. N40 amplitude—A significant decrease in N40 amplitude occurred as a function of

increasing age [F(1,16)=10.5, p<0.05). No other effects were significant.

4. DISCUSSION

Adolescent drug abuse has received increasing attention with several recent reports

suggesting that the use of illicit drugs during this time period can have long-term detrimental

consequences for normal adult cognition (Pope et al., 2003). Despite consistent rates of

abuse by adolescents little is known about the long-term effects of ketamine on neural and

cognitive development. In the present study, mice that received chronic ketamine exposure

during adolescence showed disruptions across a wide range of EEG measures when assessed

during adulthood. These included a loss of age-related increase in P20 amplitude as well as a

decrease in event-related gamma power (ERSP). Importantly, while differences were

observed on these measures during adulthood, impairing effects of ketamine were not found

when EEG was assessed during the juvenile period, suggesting the deficits observed in

adults may have occurred due to a disruption of normal neural maturation. Adolescence is

marked by developmental change in brain structure and neurotransmitter function that may

be susceptible to the effects of chronic ketamine exposure. Gamma oscillations are strongly

regulated by both GABA and glutamate systems (Carlen et al., 2011; Ehrlichman et al.,

2009; Gandal et al., 2012; Gonzalez-Burgos et al., 2011; Lazarewicz et al., 2010; Lewis et

al., 2005, 2004; Uhlhaas and Singer, 2010) and these systems undergo marked

transformation during the adolescent period (Behrens and Sejnowski, 2009; Huppe-

Gourgues and O'Donnell, 2012; Tseng and O'Donnell, 2005; Wang and Gao, 2009). Several

recent reports have shown that event-related gamma power responses to both auditory and

visual stimuli increase during the adolescent period (Rojas et al., 2006; Uhlhaas et al., 2009;

Uhlhaas and Singer, 2011; Werkle-Bergner et al., 2009), raising the possibility that changes

in event-related gamma could serve as an important biomarker of neurodevelopmental

milestones and cognitive development. It is interesting to note that both baseline and event-

related gamma showed strong age-related increases across the two developmental time

points in the mice assessed here, suggesting considerable development of the gamma

response during this time.

The pattern of results observed following juvenile ketamine treatment in the current study

diverges from those in previous studies that have assessed chronic treatment during

adulthood. Adult mice show lasting alterations in late component ERPs and event-related

theta oscillations six months after cessation of chronic ketamine, with only modest

reductions observed in event-related gamma oscillations (Amann et al., 2009; Featherstone

et al., 2012; Maxwell et al., 2006). In the current study mice exposed to ketamine as

juveniles showed reduced event-related theta immediately during the juvenile period, in

contrast to the delayed effects seen on event-related gamma. This could suggest that the

neural generators of theta develop relatively early, prior to the timing of ketamine exposure

used here. Given the prominent role of theta in regulating gamma activity, it is possible that

the changes observed on event-related gamma may have occurred due to these reductions in

theta. It is also possible that normal levels of theta activity are necessary for proper

development of adult gamma oscillatory responses to sensory stimuli.
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The delayed emergence of the effects of ketamine on gamma power suggests a

developmentally sensitive period during adolescence. Several reports have suggested that

cannabis exposure during critical periods of adolescence is a significant risk factor for later

emergence of cognitive impairment, especially when compared to adult drug use. While the

question of whether these increases in sensitivity can be detected in rodent models of

development remains to be seen, the present study clearly demonstrate that juvenile mice are

sensitive to the effects of ketamine using EEG measures thought to be closely linked to

pathological changes underlying impairment. Additionally, these data indicate that

adolescent exposure to ketamine, and perhaps other drugs of abuse, may cause delayed onset

deficits in adulthood. As such, future studies will address mechanisms to reverse such

changes during the post abuse period. Such research would be useful in identifying methods

to detect and treat the early effects of exposure to drugs of abuse prior to full emergence of

these problems.

The time-course of the deficits observed here suggests that chronic ketamine treatment

during adolescence might be an informative rodent model of the developmental changes

underlying schizophrenia. Although schizophrenia is well known to emerge during the late

adolescent or early adult period, few models of schizophrenia accurately address this aspect

of the disease. Current studies are underway to more fully assess the overall pattern of

behavioral and cognitive changes associated with early ketamine exposure.
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Figure 1.
Baseline EEG following juvenile saline (white) or ketamine (black) exposure assessed at 7 weeks (juvenile) and 12 weeks

(adult). Figures 1A and B show theta (4 to 12 Hz) while figures 1C and D depict gamma (30 to 80 Hz). Gamma was quantified

as the average of EEG power between 30 and 80 Hz, while theta was quantified as the average power between 4 and 12 Hz.

Baseline theta power was increased in chronic ketamine-treated mice when assessed at the juvenile time-point, but this was not

seen when assessed in adulthood. Saline-treated mice showed an age-related increase in gamma power as a function of

increasing age (p<0.05) and this was not observed in ketamine-treated mice. Asterisk shows significance at p>0.05.
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Figure 2.
Event-related EEG (ERSP) following juvenile saline (white) or ketamine (black) exposure assessed at 7 weeks (juvenile) and 12

weeks (adult). Figure 2A shows event-related theta (4 to 12 Hz), while figure 2B shows event-related gamma (30 to 80 Hz).

Ketamine treatment reduced event-related theta at both the juvenile and adult time points. Saline-treated mice showed an age

related decrease in theta over the timespan of the ages assessed here. Likewise, saline-treated mice showed an age dependent

increase in event-related gamma, which appeared to be blocked in ketamine-treated mice, suggesting that ketamine treatment in

juvenile mice blocked normal maturation of event-related gamma. Asterisk shows significance at p>0.05.
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Figure 3.
Event Related Potential following juvenile saline (white) or ketamine (black) exposure assessed at 7 weeks (juvenile) and 12

weeks (adult). Figure 3A shows the P20 component of the ERP, while figure 3B shows the N40 response. Saline-treated mice

showed an age dependent increase in the P20 component, which appeared to be blocked in ketamine-treated mice, suggesting

that ketamine treatment in juvenile mice blocked normal maturation of this response. Ketamine treatment reduced amplitude of

the N40 component of the ERP at both the juvenile and adult time points. Saline-treated mice showed an age related decrease in

N40 over the timespan of the ages assessed here. Asterisk shows significance at p>0.05.
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