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Methylphenidate Enhances Early-Stage Sensory Processing and
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Methylphenidate (MPH) is used clinically to treat attention-deficit/hyperactivity disorder (ADHD) and off-label as a performance-enhancing
agent in healthy individuals. MPH enhances catecholamine transmission via blockade of norepinephrine (NE) and dopamine (DA) reuptake
transporters. However, it is not clear how this action affects neural circuits performing cognitive and sensorimotor functions driving
performance enhancement. The dorsal lateral geniculate nucleus (dLGN) is the primary thalamic relay for visual information from the
retina to the cortex and is densely innervated by NE-containing fibers from the locus coeruleus (LC), a pathway known to modulate state-
dependent sensory processing. Here, MPH was evaluated for its potential to alter stimulus-driven sensory responses and behavioral
outcomes during performance of a visual signal detection task. MPH enhanced activity within individual neurons, ensembles of neurons, and
visually-evoked potentials (VEPs) in response to task light cues, while increasing coherence within theta and beta oscillatory frequency
bands. MPH also improved reaction times to make correct responses, indicating more efficient behavioral performance. Improvements in
reaction speed were highly correlated with faster VEP latencies. Finally, immunostaining revealed that catecholamine innervation of the
dLGN is solely noradrenergic. This work suggests that MPH, acting via noradrenergic mechanisms, can substantially affect early-stage

sensory signal processing and subsequent behavioral outcomes.
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INTRODUCTION

Methylphenidate (MPH; Ritalin) is a prescription psychostim-
ulant drug used as a first-line treatment for attention deficit
hyperactivity disorder (ADHD), a common neurodevelop-
mental disorder characterized by inattention, hyperactivity,
and impulsive behavior (Weyandt et al, 2014). MPH is also
frequently used off-label as a performance-enhancing drug
by healthy individuals to achieve greater accuracy and speed,
or improve behavioral efficiency while being engaged in
goal-driven tasks (Franke et al, 2014; Sahakian and
Morein-Zamir, 2015). Off-label use of MPH benefits various
aspects of academic, athletic, and social performance,
ranging from faster processing and reactions to surrounding
stimuli within dynamic environments, improved concentra-
tion, and elevation of mood (Svetlov et al, 2007). Despite the
widespread use and decades of investigation, the means
through which psychostimulants such as MPH regulate
sensorimotor and cognitive neural circuit function and
enhance performance are poorly understood.

*Correspondence: Dr RL Navarra, Department of Pharmacology and
Physiology, Drexel University College of Medicine, 245 N [5th Street,
Philadelphia, PA 19102, USA. E-mail: rachel.lynn.navarra@gmail.com
3Current address: Department of Cell Biology and Neuroscience,
Rowan University School of Medicine, Stratford, NJ 08084, USA. Tel:
856 566 6829, Fax: 856 566 6195, E-mail: navarra@rowan.edu
Received 6 September 2016; revised 3 November 2016; accepted 28
November 2016; accepted article preview online 2 December 2016

Sensory processing is an essential element of effective
cognitive and motor function. Optimal processing of sensory
information is critical for maintaining focus, facilitating
efficient behavioral responses, and completing successful
goal-directed behaviors. The ability to distinguish neural
representations of important sensory stimuli from the
environment is crucial for these processes. Interestingly,
inappropriate processing of sensory stimuli is a common
feature of many neurological disorders including ADHD
(Kim et al, 2014; Mazer, 2011; Pfeiffer et al, 2015). There
have been multiple reports demonstrating psychostimulant-
mediated alteration of various dimensions of sensory
processing (Agster et al, 2011; Drouin et al, 2007; Jonkman
et al, 1997; Martin et al, 2008; Navarra et al, 2013), suggesting
that such actions may contribute significantly to the
performance-enhancing properties of these agents.

Sensory processing is modulated by several mechanisms to
extract salient information from complex and dynamic
environments. The locus coeruleus (LC)-norepinephrine
(NE) system is prominently involved in state-dependent
regulation of sensory signal transmission (Berridge and
Waterhouse, 2003). For example, NE enhances ‘signal-to-
noise’ ratios of sensory-evoked neuronal responses through-
out the brain (Berridge and Waterhouse, 2003). Correspond-
ingly, MPH blocks the reuptake of dopamine (DA) and NE,
thereby increasing catecholamine neurotransmission
(Kuczenski and Segal, 2001; Volkow et al, 2002), suggesting
that psychostimulants acting through this mechanism can
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produce NE-like facilitation of signal processing in nora-
drenergic terminal fields. Indeed, previous studies have
demonstrated MPH-mediated enhancement of sensory
neuron function within cortical and thalamic circuits of the
anesthetized rat (Drouin et al, 2007; Navarra et al, 2013).
However, the impact of noradrenergic or psychostimulant
modulation of sensory-evoked responses on behavioral
outcomes has not been demonstrated.

The visual system has long provided a means of
investigating modulation of sensory processing during
performance of goal-directed behaviors (Kastner and Pinsk,
2004). The dorsal lateral geniculate nucleus (dLGN), the
primary thalamic relay for visual information to the cortex, is
of particular interest because it receives substantial
input from the LC-NE system, yet sparse or nonexistent
DA innervation (Garcia-Cabezas et al, 2009; Kayama, 1985;
Kromer and Moore, 1980). Electrical stimulation of the LC or
local administration of NE facilitates dLGN neuronal
responses to excitatory stimuli via a-1 postsynaptic adreno-
ceptors (Rogawski and Aghajanian, 1980a). In addition,
we recently demonstrated that MPH and atomoxetine, a
NE-specific reuptake blocker, decrease the latency and
increase the magnitude of dLGN neuronal responses to light
stimuli in anesthetized rats (Navarra et al, 2013), further
supporting a key role for NE-mediated augmentation of
sensory signal processing in psychostimulant-driven perfor-
mance enhancement. Although experiments in anesthetized
preparations offer substantial opportunity to examine drug
actions under stable, well-controlled conditions, they
cannot account for the dynamics and complexity of
physiological interactions in the brains of waking animals
(Devilbiss and Waterhouse, 2003). In the present study,
we assessed single- and multi-unit discharges and visually-
evoked potentials within the dLGN in response to light cues
and behavioral measures during performance of a visual
signal detection task both before and after administration of
MPH. We also examined catecholamine fibers in the dLGN
to evaluate the potential roles of NE versus DA in MPH-
induced modulation of dLGN responsiveness to visual
stimuli.

MATERIALS AND METHODS
Animals

Thirteen male Sprague-Dawley rats (300-500 g) were housed
in pairs before study and individually after surgery (Taconic;
Germantown, NY) in a 12:12h inverted light cycle facility,
with ad [libitum access to food and water. Following
acclimation, 10 rats were water restricted to 85-90% of their
free-feeding body weight before daily behavioral training.
All procedures were conducted in accordance with the
guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approval of the
Drexel University Institutional Animal Care and Use
Committee.

Behavioral Training

Rats were trained in operant chambers controlled with
MED-PC software (Med Associates, St Albans, VT).
Chambers were equipped with a house light, two retractable
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response levers, lights (one central LED and two incandes-
cent lights above each lever), a centrally located nose-poke
port on the front wall, with a water dipper for reward
delivery (40 pl) on the rear wall.

An operant schedule (Figure la) was used to assess
components of sensory signal processing and detection
performance in a task developed from previously reported
paradigms (Jentsch et al, 2009; Kimchi and Laubach, 2009;
McGaughy and Sarter, 1995). To standardize illumination of
receptive fields of dLGN neurons (Fukuda et al, 1979), an
obligatory observing response was inserted into the task to
ensure all stimuli were received from a fixed orientation, that
is, rats were required to maintain a nose-poke position for
1500 ms directly below the LED stimulus light in order to
initiate trials. Illumination of the nose-port indicated that a
trial could be initiated. Following successful maintenance of
the observing response, levers were extended and
subjects reported whether a brief (5ms) flash of light from
the central LED had been detected by pressing a lever (eg,
yes: left lever; no: right lever) to receive a water reward for a
correct choice. On signal trials, which occurred randomly in
60% of trials, a correct response (‘hit’) was followed with 5
presentation of a water reward, whereas an incorrect
response (‘miss’) resulted in a 5s timeout. On nonsignal
trials, a correct response (‘correct rejection, CR’) was
followed by a reward, whereas an incorrect response (‘false
alarm, FA’) resulted in a timeout. Omissions were recorded
for any trial in which the full observing response was
maintained but no lever press response was made. For both
signal and nonsignal trials, if a subject failed to maintain a
full 1500 ms observing response, the levers did not extend,
and a new trial had to be initiated. Inter-trial intervals lasted
at least 5 s during presentation of rewards or timeouts before
self-motivated initiation of subsequent trials. Each session
ended after 100 successful trials or 30 min. Animals were
trained until criterion performance was achieved (>80%
correct responses over 3 consecutive test sessions with <20%
omissions).

Surgery

Once criterion performance was achieved, eight-wire
microelectrode  bundles were implanted bilaterally
into the dLGNs as previously described (Navarra et al,
2013). Animals recovered for at least 1 week before
recording and then retrained to presurgery baseline
performance.

Drugs

MPH (Sigma-Aldrich, St Louis, MO), dissolved in sterile
saline, was administered via i.p. injection in a dosing volume
of 1 mg/ml. Doses of MPH (0.5 and 2 mg/kg, 15 min before
task) were based on previous reports of MPH enhancement
of cognitive function in normal adult rats (Berridge et al,
2012; Bizarro et al, 2004; Jentsch et al, 2009; Navarra et al,
2008; Paterson et al, 2011; Robinson, 2012). These doses also
fall within the range that produces therapeutic plasma
concentrations in ADHD patients (8-40 ng/ml) and im-
proves cognitive function in healthy adult humans (Berridge
et al, 2006). A minimum of 2 days was used as a washout
period between drug doses.
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MPH effects on behavior during performance of the visual signal detection task. (a) Flow scheme of the behavioral paradigm. Rats were trained to

initiate trials by maintaining an observing response (to ensure that stimuli are received from a fixed orientation). During the observing response, a LED light
would flash briefly on signal trials only. If the observing response was maintained for 1500 ms, levers were extended and subjects reported whether the signal
was detected (eg, yes: left lever; and no: right lever) to receive a water reward for a correct choice. On signal trials, a ‘Hit' was rewarded and a ‘Miss’ was
incorrect. On nonsignal trials, a ‘Correct Rejection’ was rewarded and a ‘False Alarm’ was incorrect. (b, ¢) Percent change values + SEM for accuracy and
reaction time measures of signal detection task behavior, respectively (n=6 rats). Percent change was calculated as ((posttreatment — pretreatment)/
pretreatment x 100). Accuracy = proportion of correct responses calculated as (hits+correct rejections)/(no. of total trials completed)). Correct response
reaction time =mean latency from lever extension to correct response (hits and correct rejections combined). *P <0.025.

Electrophysiological Recordings during Task
Performance

On test days, recordings were made over two runs of the
task; the first run followed saline administration and the
second followed a counterbalanced drug dosing design
(saline, 0.5, and 2mg/kg). This test day design allowed
behavioral measures and light-evoked responses of dLGN
neurons to be compared with their own baseline values
on a given day and to be expressed as percent change
((posttreatment — pretreatment)/pretreatment x 100). Drug-
induced changes were then compared across doses of MPH.

A within-subjects behavioral design was used to evaluate
drug effects on signal detection performance and the relation
between behavioral performance and the modulation of
light-evoked neuronal activity. Percent accuracy ((hits
+correct rejections/no. of total trials completed) x 100),
stimulus detectability (d’=Z(N) - Z(SN), where Z(N) =the
Z score of the Noise Distribution and Z(SN) = Z score of the
Signal+Noise Distribution as described in Berridge et al
(2012)), hit rate (hits/no. of signal trials), miss rate (misses/
no. of signal trials), CR rate (CRs/no. of nonsignal trials), FA
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rate (FAs/no. of nonsignal trials), omission rate (omissions/
no. of total trials), and mean lever press reaction times were
calculated for both runs. Run-to-run percent changes in
accuracy and reaction time were used to compare behavioral
effects of each dose.

Multi-channel, multi-neuron recordings were used to
evaluate the effects of MPH on dLGN responsivity to
stimulus lights during performance of the task. Neural
signals were amplified and discriminated using a Plexon
MAP system (Plexon, Dallas, TX). Spike channels were
digitized at 40 kHz and band pass filtered from 250 Hz to
8 kHz, whereas local field potentials were digitized at 1 kHz
and band pass filtered from 0.7 to 170 Hz, both with 12-bit
resolution.

Electrophysiological Analysis

Light-evoked activity was sorted offline for multi-unit
ensemble or single-unit discrimination according to wave-
form characteristics and inter-spike interval distribution as
previously described (Navarra et al, 2013). PSTHs



representing single-unit responses were constructed for each
drug condition (1 ms bins, smoothed with a 3-bin boxcar
function). Data were analyzed using custom MATLAB
routines (MathWorks). Primary peaks in PSTHs were
characterized by latency to response onset and to maximum
response, maximum response amplitude, and response area
(Navarra et al, 2013).

Visually-evoked potentials (VEPs) were extracted from the
local field potential (LFP) recordings, averaged for each drug
condition, and analyzed for latency and amplitude of
waveform peaks and troughs using custom MATLAB
routines. Similar to thalamic VEPs reported by Meeren
et al (1998), VEPs recorded in rats performing the signal
detection task generally exhibited prominent P30 and N54
shapes (positive and negative deflections of the waveform 30
and 54 ms following the onset of target stimulus presenta-
tion, respectively). Coherence of LFP oscillatory activity
between light-evoked channels within the dLGN was
calculated across frequencies (delta 1-4 Hz, theta 5-8 Hz,
alpha 8-12 Hz, beta 12-20 Hz, and gamma 20-40 Hz), for
each interval of behavior using Neuroexplorer. Drug-induced
changes of VEPs and dLGN coherence were evaluated across
treatments.

Histology

After electrophysiology experiments, animals were deeply
anesthetized and perfused with 4% paraformaldehyde. Brains
were sectioned (30 pm), mounted, and counterstained with
neutral red for verification of electrode tracks terminating in
the dLGN.

Statistical Analysis

Statistical analyses were performed using Prism (GraphPad).
Repeated measures ANOVA and planned contrasts with
Bonferroni corrections (each dose of MPH compared with
saline control, corrected a=0.025) were conducted to
evaluate the effects of MPH on performance measures.
Analysis of reaction latencies was restricted to correct trials
(because performance levels were consistently high,
sample sizes of incorrect trials were often negligible).
Responses with the longest latencies (up to 5s) appeared to
result from random lever pressing, rather than engagement
with the signal detection task. To attenuate the effect of this
nuisance variable, which heavily skewed the samples, the
three longest and shortest latency responses in each sample
were trimmed before computation of mean response
latency (Howell, 2008). Percent change in latency for hits,
correct rejections, and the combined correct response
reaction time (mean of hit and correct rejection average
change) were compared across treatment levels. Kruskal-
Wallis tests were conducted to compare percent
changes for properties of light-evoked responses within the
dLGN across treatment days and Dunn’s multiple
comparisons were performed following determination of
an overall effect. Two-way repeated measures ANOVA with
Bonferroni’s multiple comparisons tests were used for drug-
induced effects on coherence across frequency bands within
LFP oscillatory activity. Spearman’s correlations were
computed between hit reaction latency and dLGN
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light-evoked response latencies on correctly responded signal
trials.

RESULTS

Of the 10 rats trained in the task and surgically implanted
with dLGN electrodes, full behavioral pharmacology and
electrophysiological data were collected from 6 animals.
Three rats were excluded because of health or behavioral
issues that led to incomplete pharmacological evaluation.
One additional rat was excluded because of loss of electrode
integrity following implantation.

MPH Effects on Behavior

All rats acquired the signal detection task and performed
with >90% accuracy. MPH did not significantly affect
accuracy (F(1.848,9.240)=1.129, p=0.3593; Figure 1b), d’
(F(1.799, 8.996) =0.7566, p=0.4836), hit rate (F(1.836,
9.182)=1.859, p=0.2102), correct rejection rate (F(1.414,
7.071) =0.0675, p=0.878), or false alarm rate (F(1.488,
7.439) =0.04108, p=0.9219). In these highly trained animals,
miss and omission rates could not be analyzed because of such
low occurrence or absence of these responses. MPH did not
have a significant overall effect on mean reaction time for hits,
correct rejections, or combined correct responses (F(1.922,
9.610) =1.615, p=0.2482; F(1.380,6.902)=1.554, p=0.2663;
and F(1.283,6.414) =1.917, p=0.2178, respectively). Planned
contrasts reveal however that MPH (2 mg/kg) significantly
decreased latency of combined correct responses compared
with saline control (p=0.0118; Figure 1c).

MPH Effects on Multi-Unit Ensemble Activity

The effects of MPH on dLGN multi-unit neuronal responses
to light stimuli were evaluated in multiple channels recorded
from 6 rats (saline n =60, 0.5 mg/kg n=69, 2 mg/kg n="71;
Figure 2). MPH administration significantly affected light-
evoked ensemble activity (representative examples are shown
in Figures 2a-c). MPH had an overall effect on the latency to
response onset (H=12.94, p=0.0015; Figure 2d), and
Dunn’s test revealed that the 2mg/kg dose significantly
reduced onset latency compared with saline control
(p<0.05). An overall effect on the latency to reach the
maximum peak response was also significant (H=19.12,
p<0.0001; Figure 2e) with the 2 mg/kg dose decreasing the
latency compared with control (p <0.05). MPH produced a
dose-dependent increase in the maximum peak amplitude
(H=12.97, p=0.0015; Figure 2f) with both doses increasing
the amplitude as compared with control (p<0.05), without
significantly affecting total area of the primary response
(H=4.910, p=0.0859; Figure 2g).

MPH Effects on Single-Unit Activity

Single-unit responses were evaluated in the same manner as
multi-unit ensembles (saline n=28 cells, 0.5 mg/kg n=25 cells,
2 mg/kg n=31 cells; see Figure 3 for representative examples). As
seen with multi-unit activity, MPH broadly affected the properties
of single-unit responses to light stimuli during task performance.
MPH significantly shortened onset latency (H=7.696, p =0.0213;
Figure 3d) with Dunn’s test indicating the 2mg/kg dose
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Figure 2 MPH effects on multi-unit activity during performance of the visual signal detection task. (a—c) PSTHs illustrate the effects of saline, MPH (0.5 mg/
kg), and MPH (2 mg/kg) treatment (bottom) as compared with the pretreatment control condition (top) on evoked discharge of a multi-unit light-responsive
channel within the dLGN. Histograms are aligned to stimulus onset (time=0) during pretreatment control (top; saline) and drug posttreatment (bottom;
saline, 0.5, and 2 mg/kg) conditions. Dashed line: an example of decreased latency to response onset following drug after treatment. Dotted line: an example of
decreased latency to peak response following drug after treatment. An increase in the maximum peak amplitude is apparent across the pre- and post-MPH
PSTHs. (d—g) Line graphs represent percent change values + SEM for properties of dLGN multi-unit neuronal activity in response to light stimuli following a
dose response MPH (saline n=60 channels, 0.5 mg/kg n=69 channels, 2 mg/kg n=71 channels). (d, ) Percent change in latency to response onset and
maximum peak response, respectively. (f, g) Percent change in maximum peak amplitude and response peak area. *P < 0.05.

decreased the latency compared with control (p<0.05). Although
trends to decrease the latency to the maximum peak response and
increase the maximum peak amplitude were apparent and
resembled MPH effects observed on the multi-unit activity, these
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differences were not significant (H=3.139, p=0.2081; Figure 3e
and H=0.8750, p=0.6457; Figure 3f, respectively). Again, there
were no effects on the response peak area following MPH
treatment (H=0.2413, p=0.8864; Figure 3g).
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Figure 3 MPH effects on single-unit activity during performance of the visual signal detection task. (a—c) PSTHs illustrate the effects of saline, MPH
(0.5 mg/kg), and MPH (2 mg/kg) treatment on evoked discharge of a single-unit light-responsive channel within the dLGN, respectively. Inset waveforms represent
unit discrimination and recording across experimental conditions. Histograms are aligned to stimulus onset (time = 0) during pretreatment control (top; saline) and
drug posttreatment (bottom; saline, 0.5, or 2 mg/kg) conditions. Dashed line: an example of decreased latency to response onset following drug after treatment.
Dotted line: an example of decreased latency to peak response following drug after treatment. An increase in the maximum peak amplitude is apparent across the
pre- and post-MPH PSTHs. (d—g) Line graphs represent percent change values + SEM for properties of dLGN single-unit neuronal activity in response to light
stimuli following a dose response MPH (saline n =28 cells, 0.5 mg/kg n=25 cells, 2 mg/kg n=31 cells). (d, ) Percent change in latency to response onset and
maximum peak response, respectively. (f, g) Percent change in maximum peak amplitude and response peak area. *P <0.05.

MPH Effects on VEPs and Oscillatory Activity

The effects of MPH on VEPs to light stimuli within dLGN were
evaluated (saline n=14 channels, 0.5mg/kg n=15 channels,
2mg/kg n=18 channels). VEPs were averaged from light-
responsive channels across all 6 rats (Figures 4a-c show

averaged waveforms, with an expanded timescale shown in
insets). MPH administration significantly shortened the latency
of the P30 wave (H=9.156, p=0.0103; Figure 4d) with
Dunn’s test revealing a significant reduction in the P30 latency
at the 2mg/kg dose compared with saline control. MPH
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administration also significantly decreased the amplitude of the =~ 2mg/kg dose compared with saline control. MPH had no
P30 (H=7.611, p=0.0222; Figure 4e) with Dunn’s test showing significant effect on either the latency or the amplitude of the
a drug-mediated decrease in amplitude of the P30 following the ~ N54 (H=1.747, p=0.4175; Figure 4f and H=2.787, p=0.2482;
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Figure 4 MPH effects on visually-evoked potentials (VEPs) during performance of the visual signal detection task. (a—c) Representative VEPs on response to
visual targets were averaged from light-responsive channels ((a) saline after treatment shown in green, n= 14 channels, (b) MPH 0.5 mg/kg shown in purple,
n=15 channels, and (c) MPH 2 mg/kg shown in magenta, n= 18 channels, all compared with baseline values following saline treatment from run | in gray).
VEPs generally exhibited a prominent P30, a positive deflection of the waveform occurring 30 ms after the onset of target stimulus presentation, and an N54, a
negative deflection of the waveform occurring 54 ms following the onset of stimulus presentation. Waveforms were plotted for the full VEP waveform and
insets show expanded timescales (2040 ms) to highlight differences observed at the P30 response. (d—g) Line graphs represent percent change values + SEM
for properties of VEP waveforms to light stimuli. (d, f) Percent change in latency to P30 and N54 responses, respectively. (e, g) Percent change in amplitude of
P30 and N54 responses. (h—j) Treatment-induced effects on coherence of dLGN oscillatory activity across averaged frequency bands shown in bar
graphs + SEM following saline, MPH (0.5 mg/kg), and MPH (2 mg/kg), respectively. *P <0.05.
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Figure 4g). There was a main effect of frequency (F
(4,40) =35.59, p<0.0001) and a frequency x treatment interac-
tion (F(4,40)=3.777, p=0.0107) with an increase within the
gamma band (p=0.0096) between saline administration inter-
vals. There was an effect of frequency (F(4,56)=21.61,
p<0.0001), but no treatment effects when MPH (0.5 mg/kg)
was evaluated. Frequency (F(4,76)=27.2, p<0.0001) and
frequency X treatment interaction (F(4,76)=3.677, p=0.0086)
effects were found at the 2 mg/kg dose of MPH, with significant
increases in coherence within the theta and beta bands
(p<0.0001 and p =0.0097, respectively).

Associations between Behavioral and Electrophysiological
Measures

To further investigate the relation of behavioral changes to
MPH action within the dLGN, the percent change from
interval one (saline) to interval two (saline, 0.5, or 2 mg/kg
MPH) of reaction times to make correct responses on signal
trials were compared with the response latencies to reach the
first response peak within single-unit, multi-unit, and VEP
activity (Figure 5). Although percent changes in the latency
of unit activity to reach the maximum response did not
correlate with hit reaction latency (single-unit; r=0.1001,
p=0.6927 or multi-unit; r=10.0609, p=0.8103), changes in
VEP latency to reach the P30 deflection were highly
correlated with hit reaction latency (r=0.6491, p=0.0036).

DISCUSSION

The present experiments employed a paradigm designed to
simultaneously evaluate electrophysiological correlates of
early-stage sensory processing and measures of performance
during signal detection behavior in normal rats. Adminis-
tration of MPH, which blocks reuptake of NE and DA,
altered multiple indices of light-evoked neuronal responses
and VEPs to target lights within the dLGN of rats during task
performance. First, latencies to response onset and to the
peak of the response were decreased. Second, the peak
intensity of stimulus-evoked discharge was increased. These
findings indicate that both the speed and strength of signal
transmission through the dLGN as measured by single-cell
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and ensemble neuronal responses were improved by MPH
during task performance. In addition, the time to reach the
first positive deflection of the VEP in response to target
stimuli decreased, whereas theta and beta oscillatory activity
coherence increased within the dLGN. These changes in
signal processing were observed at the same dose of MPH
(2 mg/kg) that enhanced behavioral performance, as indi-
cated by reduced reaction times for making correct responses
within the task. Improvements in reaction speed were highly
correlated with faster VEP latencies. Finally, immunostaining
showed that dLGN is densely innervated by noradrenergic
fibers with no evidence of dopaminergic input
(Supplementary Figure S1). Given the ability of MPH to
improve cognitive performance in humans and in rodent
assays of attention, these results suggest that augmentation of
sensory transmission mediated through noradrenergic me-
chanisms may contribute significantly to the performance
enhancing effects of psychostimulant drugs.

The Impact of MPH on Signal Detection Behavior

Collectively, the data suggest that MPH improved behavioral
performance within the task; that is, although it did not
improve accuracy, MPH did reduce latency to make correct
responses. Rats were highly trained in the task, routinely
achieving >90% accuracy before drug testing. As a result,
performance accuracy had already reached a ceiling that did
not allow for a sufficient therapeutic window to observe
facilitating effects. Nonetheless, the observed decrease in
reaction time is characteristic of MPH; MPH-induced
reduction in correct response latency agrees with multiple
studies demonstrating improved reaction times on signal
detection tasks in both rats and humans following MPH
administration (Bizarro et al, 2004; Coghill et al, 2014; Eagle
et al, 2007; Nandam et al, 2011; Navarra et al, 2008; Spencer
et al, 2009). These findings suggest that although the
percentage of correct responses did not change, correct
responses were made with greater efficiency.

Upon closer inspection of the data, quantification of
reaction time latencies revealed a general increase in reaction
time in the second run of the task as compared with the first
following saline administration. This increased latency effect

a Single-Unit Activity b Multi-Unit Activity c Visually-Evoked Potentials
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T ° 28 -20 - ° .
° °
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r=0.1001 r = 0.0609 r=0.6491 @ MPH (0.5 mglkg)
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Maximum Peak Latency

Maximum Peak Latency

P30 Latency

Figure 5 Association between behavioral and electrophysiological measures. (a—c) Scatter plots represent treatment-induced percent change in the latency
to make hit responses versus the latency to reach the first peak response across levels of electrophysiological recordings; single-unit activity, multi-unit activity,
and visually-evoked potentials, respectively. Green-filled circles represent the percent change following saline treatment, purple-filled circles are following MPH
(0.5 mg/kg), and magenta-filled circles are following MPH (2 mg/kg) for each animal (n= 6 for each treatment). Spearman’s r and p-values for each correlation
are reported in insets of each plot with the reduced major axis (model Il regression; Sokal and Rohlf, 1995). *P <0.05.
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may result from the testing paradigm that requires animals
to perform two runs of the task for the purpose of comparing
electrophysiological and behavioral measures from each
animal with their own baseline for each testing day.
According to this protocol, animals may collect up to 100
water rewards before the second run. Although this feature
of the experimental paradigm may reduce motivational state
during the second run of the task leading to longer
response times, it is apparent from the data that MPH
administration not only diminishes latency increases
(0.5 mg/kg) but actually decreases reaction time (2 mg/kg)
in the second run of the task as compared with the first
(see Figure 1c).

The Impact of MPH on Electrophysiological Indices of
Sensory Signal Processing

For all levels of electrophysiological analysis that were
performed, the results broadly match those of the behavioral
study. The same dose of MPH (2mg/kg) that enhanced
behavioral performance also enhanced measures of light-
evoked activity. Most prominently, latencies of single- and
multiple-unit discharges and VEPs in response to task light
stimuli were decreased, indicating that when MPH was on
board the neural mechanisms activated at cellular and circuit
levels of the dLGN were engaged more quickly following
stimulus presentation. Although not as prominent as observed
with behavioral latencies to make correct responses (Figure 1),
a general slowing of electrophysiological response latencies
from the first run to the second following saline is evident in
Figures 2, 3 and 4. We again attribute these slowing effects to a
decrease in overall motivation and, therefore, central arousal
state during performance of the second run. Nonetheless, MPH
again attenuates general slowing of responses at 0.5 mg/kg and
reduces latencies at 2 mg/kg (Figures 2d and e, 3d and 4d).

Multi-unit data is an often overlooked measure that allows
the study of experimental manipulations on neuronal
responsiveness over a localized population of cells within a
specified circuit or across a neural network as opposed to
individual unit activity. In most cases, multi-unit activity has
been shown to mirror the activity and the changes in activity
that occur at the single-unit level (Devilbiss et al, 2006). It
may in fact be the case that compared with data from single
units, recordings from ensembles of neurons give a more
accurate representation and key to understanding the
dynamics of information processing in brain regions of
waking animals during performance of complex behavioral
tasks (Nicolelis and Lebedev, 2009). In the present study, the
most dramatic and consistent benefit of MPH on light
stimulus-evoked neuronal discharge within the dLGN of rats
performing the visual signal detection task was evident in
ensemble neuronal activity, although the same patterns were
reflected in the single-unit data.

MPH Effects Resemble Noradrenergic Actions in LC
Terminal Fields

The effects of MPH on the speed and strength of dLGN
neuronal responses to light stimuli are strikingly similar to the
well-documented modulatory effects of the LC-NE pathway
on individual neuron and neural circuit responses to afferent
synaptic inputs (Berridge and Waterhouse, 2003). For example,
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when concentrations of NE were elevated by tonic activation of
the LC, the temporal properties of whisker pad stimulus-
evoked responses within the ventroposterior medial thalamus
and barrel field cortex were reduced by 1-3 ms (Devilbiss and
Waterhouse, 2004). In addition, early work by Rogawski and
Aghajanian (1980a, b), showed that both LC stimulation and
local iontophoretic application of NE enhanced the magnitude
of synaptic excitation of dLGN neurons.

In addition to latency and magnitude changes, the
boundaries of the light-evoked responses were sharpened
following MPH. As shown in Figure 2¢, the response peak
slowly ramps up and continues to trail off after reaching
maximum amplitude in the saline condition, whereas with
MPH treatment there is a clear termination of the response
after reaching maximum amplitude. Thus, MPH changes the
structure of the sensory-evoked response so that it is more
focused, an effect observed previously following local NE
application in the visual cortex (Waterhouse et al, 1990) or
systemic MPH administration in the somatosensory cortex
(Drouin et al, 2007). This effect, combined with greater
coherence of local oscillatory activity, would be expected to
tighten the response synchrony of dLGN neurons, thereby
strengthening output from thalamus to cortex and facilitat-
ing higher-order processing (Alonso et al, 1996).

The similarity of outcomes resulting from our previous
work in the anesthetized rat and the current report in
behaving animals indicates that MPH produces NE-like
amplification of neural signals (Navarra et al, 2013). In
addition, our immunohistochemical findings indicate that
catecholamine innervation of the rat dLGN is exclusively
noradrenergic. Although MPH blocks reuptake of both NE
and DA, the absence of dopaminergic fibers in the dLGN
suggests the observed MPH-induced modulation of light-
evoked activity is mediated locally by NE and not DA
neurotransmission. As alluded to above, the data do not rule
out the possibility of DA-mediated effects occurring remote
from but afferent to the dLGN. Importantly, the current
work is the first to demonstrate drug-induced NE-like
modulation of light-evoked responses to stimuli necessary
for goal directed performance within a visual signal
detection task.

MPH Effects Resemble Attention-Mediated Modulation
of Sensory Processing Circuits

The observed modulations of dLGN responsiveness by MPH
also resemble top-down mediated alterations in the timing
and magnitudes of sensory responses within visual thalamic
areas of monkeys and humans (Kastner and Pinsk, 2004;
O'Connor et al, 2002; Saalmann and Kastner, 2009).
Attentional modulation of single-cell activity within the
LGN was first demonstrated in monkeys by McAlonan et al
(2008). In this report, the magnitudes of evoked discharge in
response to attended versus unattended cues were enhanced
during performance of a visual attention task. Attention has
also been shown to decrease the latency and increase the
magnitude of cellular responses, while decreasing latency and
magnitude of the first deflection of the VEP response within
the visual cortex of monkeys performing a visual target
detection task (Sundberg et al, 2012). Thus, MPH effects on
dLGN neuronal responses and VEPs mimic top-down
influences of selective attention.



The LFP waveform is influenced by magnitude, sign,
spatial proximity, and temporal coordination of current
sources, and it is generally accepted that postsynaptic
potentials contribute most heavily to the LFP (Meeren
et al, 1998). Sundberg et al (2012) proposed that attentional
influences place the circuit in an alerted state so that target
stimuli trigger an already ‘primed’ sensory processing
network, resulting in quicker responses. As the cell
membranes are depolarized before the arrival of afferent
input, less change in magnitude of the initial deflection of the
VEP is observed because of lesser synaptic driving force. It is
reasonable to extend this explanation to the effects observed
here given the well-described attention-enhancing actions of
MPH. Accordingly, MPH-mediated blockade of catechola-
mine reuptake leads to elevated extracellular concentrations
of NE and DA that via their modulatory actions may serve to
prime sensory circuits for receipt of stimulus-driven afferent
input. As described above, it is possible that ascending and
descending systems converge and exert synergistic influences
on responses of single thalamic neurons to incoming stimuli
(Groh et al, 2014). Thus, although cortical input likely
enhances thalamic responsiveness to afferent input as a ‘top-
down’ mechanism and is a plausible dimension of the
natural state of goal-directed behaviors, we postulate that
MPH modulates this already strengthened activity further
through enhanced NE neurotransmission. In fact, these
complimentary influences may be further illuminated by a
recent hypothesis defining levels of oscillatory synchroniza-
tion within a sensory stream, ‘Communication through
Coherence’ (CTC) (Fries, 2015). According to CTC, beta-
frequency synchronization relays top-down attentional con-
trol, whereas theta-synchronization modulates higher visual
areas through bottom-up influences. Data in the present
report are agreement with this hypothesis, as the observed
increases in coherence following MPH in both theta and beta
frequencies may reflect the drug’s potentiation of both
cortical (top-down) and LC (bottom-up) pathways that
converge in the thalamus. Combined, the reports cited above
strongly suggest similarity between the effects of attention on
the magnitude of responses to visual targets in goal-directed
tasks and MPH modulation of visual responses to target
stimuli within the dLGN of rats during performance of a
signal detection task.

Associations between Behavioral and Electrophysiological
Measures

Behavioral latency changes were significantly correlated with
alterations in the latency of the first deflection of VEPs
(Figure 5c), but not with alterations in single-unit or
multi-unit light-evoked responses (Figures 5a and b,
respectively). Given our findings across various parameters,
it was expected that a majority of electrophysiological
measures would correlate with behavioral outcomes. Indeed,
the broader scale VEP responses may offer a clearer
representation of signal processing within the dLGN network
and provide more informative data in terms of correlative
effects with behavior. In other words, as the electrophysio-
logical metric within the dLGN becomes more representative
of circuit-level activity, correlations between dLGN respon-
siveness and behavioral efficiency emerge.
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The distribution of values in Figure 5 reinforces the
tendency described above for behavioral reaction and
electrophysiological response latencies to increase from the
first to the second trial in control conditions and the ability
of MPH to not only prevent these losses in function, but
further improve function. MPH effects on both measures are
most powerfully illustrated in Figure 5c. Whereas percent
changes following saline treatment all seem to cluster toward
positive quadrants of the graph, percent changes of MPH
(2mg/kg) cluster toward negative quadrants while MPH
(0.5 mg/kg) are somewhat scattered throughout.

Clinical Significance

The present work demonstrates the potential for
psychostimulant agents to speed transmission and strengthen
neuronal responsiveness to visual stimuli in the dLGN, while
improving performance of a visual signal detection task. As
such, sensory enhancement appears to be a significant
component of the performance enhancing effects of MPH
and a major reason for the desirability of the drug in
individuals seeking to improve outcomes in goal-directed
behavior. In this context, it is well to remember that the
observed facilitating effects of MPH were observed in normal
laboratory rats. The current results suggest that MPH engages
intrinsic noradrenergic mechanisms to enhance the normal
signal processing operations of sensory neurons and sensory
neural circuits that impact performance.
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