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a b s t r a c t

Photoacoustic tomography (PAT) was used to detect the progressive changes on the cerebral cortex of
Sprague–Dawley rats after the administration of cocaine hydrochloride. Different concentrations (0, 2.5,
and 5.0 mg per kg body) of cocaine hydrochloride in saline solution were injected into Sprague–Dawley
rats through tail veins. Cerebral cortex images of the animals were continuously acquired by PAT. For
continuous observation, PAT system used multi-transducers to reduce the scanning time and maintain a
good signal-to-noise ratio (SNR). The obtained photoacoustic images were compared with each other and
confirmed that changes in blood volume were induced by cocaine hydrochloride injection. The results
demonstrate that PAT may be used to detect the effects of drug abuse-induced brain activation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chronic drug abuse and addiction cause serious harm to the
society and the addicted individuals (Andlin-Sobocki and Rehm,
2005; Grant and Dawson, 1998). The adaptations that occur in
brain structure and function caused by chronic drug use appear
to be long-lasting and implicate multiple brain circuits (Volkow
and Li, 2005). New behavioral and pharmacological treatments
need to be developed to treat such neuroadaptations. However,
the development of new pharmacological interventions requires
understanding the effects of potential medications in a neural sys-
tem. Because small animals have been widely used as laboratory
models to study neuroadaptations and pharmacological interven-
tions, there are clear needs for sensitive methods to globally map
the effects of pharmacological actions on central nervous system in
small animals. The imaging methods used to detect the brain func-
tional changes in small animal models for drug abuse/addiction
include fMRI and PET, these techniques associate with either high
cost or using ionizing radiations.

High-resolution optical imaging also has been widely applied in
small animal studies of basic brain function and diseases. However,
due to strong light scattering in soft tissue, high-resolution, purely
optical imaging modalities usually only have an imaging depth of
∼1 mm in soft tissue. As a result, the application of high-resolution,
purely optical imaging for small animal brain studies often requires

∗ Corresponding author. Tel.: +1 785 864 1744; fax: +1 785 864 1742.
E-mail addresses: guny@ku.edu (J. Jo), xmyang@ku.edu (X. Yang).

removing or thinning the skull, which are invasive procedures
associated with significant risks and draw-backs.

Photoacoustic tomography (PAT) (also referred as thermoacous-
tic (Kruger et al., 1999), or optoacousitc tomography (Esenaliev
et al., 1999)) overcomes the limitations of other existing optical
imaging modalities and combines optical contrast with ultra-
sonic resolution. PAT is based on the generation of photoacoustic
waves by safely depositing short-pulsed optical energy into tis-
sue. Each laser pulse causes a rapid temperature rise on the order
of 10 millidegrees. The ultrasonic emission due to thermoelas-
tic expansion can be detected with a single-element ultrasonic
transducer or an array of ultrasonic transducers and then used to
reconstruct an image (Wang, 2008). In PAT, the task is to determine
the relative optical absorption density (or specific absorption) dis-
tribution from the measured photoacoustic data, i.e., to map the
optical absorption heterogeneity of the tissue. PAT can provide
images with optical contrast and ultrasound resolution in regions
up to 5 cm deep (Ku and Wang, 2005).

PAT has been used in in vivo small animal experiments for
non-invasive monitoring of angiogenesis, blood oxygenation, and
functional changes in the brain (Li and Wang, 2009; Wang et al.,
2006). In this paper, for the first time to the authors’ knowledge, PAT
is applied to detect the activation of the brain function induced by
using of cocaine in small animals. Brain activation due to cocaine
abuse in small animals has been one of popular models to study
drug abuse/addiction, and cocaine is one of most commonly use
addictive drugs. With repeated use, cocaine can lead to addiction.
Cocaine administration produced a dose-dependent neuronal acti-
vation that is accompanied by changes in brain metabolic rate. More
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specifically, acute cocaine administration will affect the level of
dopamine in the brain, and as a result, changes in cerebral blood
volume will be induced. Many studies in the past have demon-
strated regionally restricted activation in the brain of small animals
after acute cocaine administration with fMRI. PAT, with all the mer-
its aforementioned, has the potential to be an alternative imaging
modality for this application, and provide complementing informa-
tion to fMRI and PET.

In this study, we use PAT to monitor brain functional activa-
tion by monitoring the changes of the blood volume at the cerebral
cortex surface of small animals. In blood, PA signal is mainly
determined by the concentration of hemoglobin. During the per-
formance of PAT, we used 797 nm optical wavelength light, which
is an isospectral point, i.e., the wavelength that the optical absorp-
tion levels of oxygenated hemoglobin (HbO2) and de-oxygenated
hemoglobin (Hb) are the same, and therefore, the obtained photoa-
coustic signal amplitude are proportional to the local blood volume
(Wang et al., 2003; Wang et al., 2006). As a result, the changes
in blood volume can be detected by monitoring the amplitude
changes of the detected photoacoustic signals. On a PAT image,
the changes in photoacoustic signal amplitude will result in the
changes in image contrast.

2. Materials and methods

2.1. Photoacoustic tomography system

We used a photoacoustic tomography (PAT) system, and the
schematic of the system is shown in Fig. S1 in Supplementary.
The PAT system has a tunable OPO laser (Surelite OPO PLUS; Con-
tinuum, Santa Clara, CA) pumped by an Nd:YAG laser (Surelite
III; Continuum, Santa Clara, CA) that provided 10 Hz laser pulses
with 6 ns pulse width. The laser beam was expanded and homog-
enized by a diffuser lens (grounded glass). The incident energy
density of the laser that reached the surface of the rat head was
less than 20 mJ/cm2, which complied the safety limit for human
skin exposure (Laser Institute of America, 2000). We used 797 nm
wavelength of laser to illuminate shaved rat head, which emits
ultrasound due to photoacoustic effect. The generated photoacous-
tic signals from the rat’s brain were detected by 5 MHz unfocused
ultrasonic transducers (V310, Olympus NDT, Waltham, MA) which
were scanned around the rat’s head horizontally (Ku et al., 2004;
Wang et al., 2003). Two transducers were used during data acqui-
sition. The two transducers were set apart by 180◦, and carefully
aligned to face the scanning center. As a result, each transducer
only needed to scan 180◦ to get a full circular scan. The detected
signals were amplified by a multi-channel pre-amplifier, collected
through a multiple-channel data acquisition board (Gage, Lockport,
IL), and then downloaded to a personal computer for post-analysis.
During data collection, a stepper motor was controlled to rotate
two ultrasonic transducers. The scanning step was 2 degrees with
20-time average. Data collected through the two ultrasonic trans-
ducers was combined and compensated by laser power level that is
measured by photo diode for imaging reconstruction. The system
was able to acquire one PAT image every 5 min. In order to mon-
itor the changes in the rat brain continuously, PAT system had to
continuously run to obtain the data periodically.

2.2. Animal preparation

Sprague–DawleySprague rats were used as our animal model.
For imaging procedures, animals were initially anesthetized with
a mixture of ketamine (87 mg/kg body weight) and xylazine
(13 mg/kg body weight), the subsequent anesthesia (about 1 h
after the initial anesthesia) was maintained with the inhalation of

1.0–2.0% isoflurane mixing with oxygen. The hairs on the head of
animal were shaved with an electric shaver first, and then the hair
removal lotion was applied to depilate the rest of hairs. At the end,
the lotion was wiped away with gauzes and followed by washing
with warm water. The procedure was repeated until the hairs were
completely removed. At this point, the animals were kept under
anesthesia with the gas anesthesia machine during the balance of
the experiment. Surgical tapes were used to gently secure the ani-
mal onto a warmed pad and secured in the imaging aperture in
which only light pressure was needed. A custom-designed surgical
stereotaxic frame was also used to fix the head of the animal with
ear-pins and a tooth-pin. The body temperature was maintained
with a heating lamp. The heartbeat of the animal remained about
250 ± 10 per minute.

2.3. Imaging process

For the in vivo animal experiment, fifteen Sprague–Dawley rats
(140–220 g body weight) were used. These rats were divided into 3
groups and injected cocaine hydrochloride in 0.9% sterile saline at
given dose of 0 (sham treatment, saline only), 2.5, and 5.0 mg/kg
body weight, respectively. Totally, each animal was given 0.9%
sterile saline at a dose of 1 ml/kg body weight. About 2 h after
administering the initial anesthesia, the cocaine hydrochloride in
sterile saline solution was injected through the rat tail veins. Dur-
ing the experiment, the heart rate and blood oxygenation was
monitored with a pulse-oximeter (Nonin medical, PulseSense VET,
Plymouth, MN). An initial PAT image was obtained right before the
injection of cocaine hydrochloride solution. This image would serve
as the reference image. Then the drug was injected and PAT was
performed continuously for a total period of at least 60 min.

3. Results

As the first step, we tested PA signals generated from cocaine
hydrochloride solution at 797 nm. The concentration of cocaine in
saline solution is 1.65e−5 mol/ml that has the similar concentration
with the case of 5 mg/kg (body weight) of cocaine. The signal from
the solution was indistinguishable from noise, and therefore, the
optical absorption of cocaine hydrochloride solution is negligible.

The example of obtained PAT image of brain cortex surface is
shown in Fig. 1. Fig. 1A and B were taken before and 60 min after
the injection of 5 mg/kg cocaine hydrochloride, respectively. Com-
pared with Fig. 1A, Fig. 1B reveals the brain vasculature with greater
clarity. This enhanced clarity is the result of the brain function
activation due to the injection of cocaine hydrochloride, which
stimulates the central nervous system and causes the increase of
blood flowing into the brain. Consequently, the amplitudes of the
detected photoacoustic signals will increase, and hence the contrast
between blood in vessels and the background brain tissues will be
enhanced. A differential image shown in Fig. 1C was obtained by
subtracting the amplitude of the pre-injection data (Fig. 1A) from
that of the post-injection data (Fig. 1B) and reconstructing. This
image displays the distribution of differential optical absorption
(i.e., the changes in blood volume) in the rat brain as induced by
cocaine hydrochloride. All the PAT images of the rat brain match
well with the open-skull anatomical photograph in Fig. 1D.

The changes in the amplitudes of photoacoustic signals after
cocaine hydrochloride injection were calculated for all PAT images.
The signals were integrated over each image and then normalized
to the signal integration of the reference image. The signal increases
are presented in percentage, with 0% indicates no increase com-
paring with the reference signal. Fig. 2 shows the results of the
changes in photoacoustic signal amplitudes averaged on brain cor-
tex after the injection of three concentrations (0 mg/kg, 2.5 mg/kg,
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