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Both safety and pharmacokinetic aspects are important factors in the Research &
Development of pharmaceuticals: safety pharmacology, toxicology and pharmaco-
kinetics are the cornerstone disciplines of preclinical development, but the scope has
widened both towards Research and towards Development over the last few years.
In this book, all in-silico approaches, in-vitro, ex-vivo, in-vivo animal and clinical
studies had to be taken into consideration. These studies are used to generate a lot of
data which must be evaluated carefully. It was therefore necessary to include
the conduct of studies but also the technologies to generate these data in a textbook
like this. Since toxicology and safety pharmacology depend directly on exposure,
it was also mandatory to cover PK aspects and technologies. All these aspects
were included in the first edition of Drug Discovery and Evaluation: Safety and
Pharmacokinetic Assays.

Some of the methods described in the first edition have been introduced into the
scientific community over the years and decades — for instance specific chromatog-
raphy technologies like gas chromatography — and there were no novel tendencies
to be observed between the dates of the first and second editions. These chapters
were not modified since all the information included can still be regarded as "state of
the art".

But there are other topics which have shown considerable development with many
new insights and technologies. Transporters and their biology are the best example of
these areas: these chapters have been completely modified since the first edition.

A third group of chapters had to consider some new aspects without it being
necessary to modify them completely. These were amended by adding new results
and experiences.

And last but not least, I want to thank again all the authors who contributed despite
their very busy daily lives in the pharmaceuticals industry. And a special thank you to
Hans Gerhard Vogel who was the Editor-in-Chief of the first edition and all of the
Drug Discovery and Evaluation titles at Springer consisting of Pharmacological
Assays, Safety and Pharmacokinetic Assays and Methods in Clinical Pharmacology.
Gerhard Vogel passed away in 2011. He initiated the second edition of this title.
Without him neither this second edition nor any of the other titles of Drug Discovery
and Evaluation would ever have been completed.

Frankfurt, Germany 2013 Jochen Maas
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Drug discovery and evaluation has been a sequential process for a long period of time.
It started with the selection of the most active compound from a series of newly
synthesized compounds with the help of special pharmacological assays. Safety
aspects were considered by testing the selected compound in high doses in tests
directed to indications other than the intended indication of the new compound. These
tests were followed by pharmacokinetic studies, which were mainly aimed at confir-
mation of a suitable half-life time and of oral activity. Safety relied on acute and
subacute toxicity studies, which gave information more on organ structure than on
organ function.Toxicological and pharmacokinetic studies were adapted to the
progress of studies in clinical pharmacology and clinical trials. This strategy has
been changed during the last 15 years for several reasons:

Some negative effects on organ function, e.g., ventricular tachy-arrhythmia were
detected too late. On the other hand, negative findings in chronic toxicity studies in
animals turned out to be irrelevant for human beings.

New scientific approaches, e.g. combinatorial chemistry, high-throughput screening,
in silico models, pharmaco-genomics and pharmaco-proteomics offered new
possibilities.

The success rate in the pharmaceuticals industry and the introduction of new
chemical entities to the market per year dropped dramatically, whereas the develop-
ment time for new compounds increased, sometimes exceeding the patent protection.
This forced a change of strategy:

» Parallel instead of sequential involvement of the various disciplines.

e The term “Safety Pharmacology” was coined.

¢ An International Conference on Harmonization (ICH) Safety Pharmacolog
working group was founded.

» Easily accessible and most informative tests must be selected.

Exposure of drug to the body by pharmacokinetic studies on absorption, distribu-
tion, metabolism and excretion must be investigated at an early stage of development
and can contribute to the selection of a compound for development.

Toxicology experienced major improvements by the introduction of new methods,
e.g., in silico methods, toxicogenomics and toxicoproteomics.

These aspects stimulated our decision to publish this volume as a counterpart to
“Drug Discovery and Evaluation. Pharmacological Assays” (Second Edition
Springer-Verlag 2002). The current book contains three sections. Dr. Franz Jakob
Hock shares with me the responsibility for the section “Safety Pharmacology”;
Dr. Jochen Maas took over the responsibility for the section “Safety Pharmacokinet-
ics” and Prof. Dr. Dieter Mayer for the section “Safety Toxicology”.



As with the book on pharmacological assays, this book is intended to aid both
scientists and students. The reader can find methods for selecting candidates for drug
development at early stages, such as screening methods based on the stage of
development, or methods up to advanced stages of development and which are
considered necessary for international approval from the scientific and regulatory
point of view.

Juni 2006 H. Gerhard Vogel

Preface to the First Edition
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Part 1

Safety Pharmacology



Franz J. Hock

The adverse effects of new drug entities in animals and
humans can be manifested by changes in the structural,
biochemical, or physiological status of the organism.
In the preclinical safety assessment process, toxicolog-
ical procedures have traditionally focused on the struc-
tural and biochemical consequences of drug actions.
As a result, there has been a reliance on histopatholog-
ical evaluation of organs and clinical pathology
measures in the toxicological assessment of new drug
candidates. Physiological or functional observations of
drug action were mostly conducted outside of the
safety assessment processes. The last decade has seen
a growing awareness of the importance of physiolog-
ical measures of drug toxicity. This awareness has
been prompted by clinical issues of life-threatening
effects, e.g., cardiovascular functions. These issues
have prompted regulatory action and involvement
with respect to “safety pharmacology.”

Safety pharmacology refers to the assessment of
adverse effects of drugs on functional and physiolog-
ical systems including central and peripheral nervous
system, cardiovascular system, respiratory system, and
renal and gastrointestinal functions. The evaluation of
functional or physiological toxicities plays a key role
in the safety assessment process. It should be viewed as
complementary to traditional assessments of toxicity
based upon morphological or biochemical lesions.
Safety pharmacology is not a new topic, but one with
renewed interest in the pharmaceutical industry and the
regulatory bodies governing the drug approval process.

F.J. Hock
Business Development Consultant, CorDynamics, Dieburg,
Germany

Safety pharmacology can be thought of as one of the
key areas to be integrated with structural and biochem-
ical evaluations in the complete safety assessment
program (see scheme below).

Safety
Assessment

Biochemistry

The authors of this section have assembled infor-
mation to assist scientists in industry in (1) understand-
ing the recent regulatory status and expectations for
safety pharmacology testing and (2) the conduct of
safety pharmacology studies in broad. As evidenced
by their extensive experience, the authors share a deep
commitment to the conduct of safety pharmacology
studies and are leaders in this field of drug safety
assessment. The emphasis of this section is to provide
practical information and approaches to the assessment
of central and peripheral nervous system, cardiovascu-
lar system, respiratory system, renal and gastrointesti-
nal functions, and of other systems and functions
involved in safety issues. Furthermore, in this
section, new chapters such as on biologics, antibiotics,

H.G. Vogel et al. (eds.), Drug Discovery and Evaluation: Safety and Pharmacokinetic Assays, 3
DOI 10.1007/978-3-642-25240-2_2, © Springer-Verlag Berlin Heidelberg 2013



monoclonics, oncology, stem cells, transgenic ani-
mals, etc., are added, showing recent developments in
the field of safety pharmacology.

The following sections will detail approaches and
options to assessing physiological functions as part of

F.J. Hock

the overall safety assessment of new drug entities,
classical and biologics, etc.

Finally, we would like to thank the authors for their
contributions to this section.



Franz J. Hock

Contents

2.1 Origins of Safety Pharmacology .................... 5
2.2 Practice of Safety Pharmacology (ICH S7A) ...... 10
2.3 Institutional Strategies ............................ 11
2.4 Future of Safety Pharmacology ..................... 12
References and Further Reading ......................... 13
F.J. Hock

Business Development Consultant, CorDynamics, Dieburg,
Germany

Ray Lipicky http://spo.escardio.org/eslides/view.aspx?
eevtid=40&fp=201 (Director, LIPICKY, LLC, A
Consulting Company; retires from FDA in February
2002) started one of his presentations with the following
slide:

“Safety” is of Increasing Importance
Although in a round about way is the major
theme of my talk; it is among the most important
factors shaping the next 10 years of development

WHAT IS SAFETY? (who knows)

Years ago Paul Leber (Neuropharm) said: “Safe” is what | say is “Safe”

Drugs known to kill have been approved if they were more effective
than anything else available

Merck and FDA (Viox) said excess 5 Morbid/Mortal events/1,000 patient
years requires coming off the market without any regard for benefit

For glucose control, recently an Advisory Committee recommended that
prior to approval, for morbid/mortal events a RR >1.3 be rules out —but if
you are “old” (or “relatively old”) ruling out 1.8 is OK

Gerhard Zbinden (1979) formulated in this way:

The adverse drug reactions which the standard toxicolog-
ical test procedures do not aspire to recognize include
most of the functional side-effects. Clinical experience
indicates, however, that these are much more frequent
than the toxic reactions due to morphological and bio-
chemical lesions. . ..

2.1 Origins of Safety Pharmacology

Leber (2002) wrote in his paper: “For over 60 years,
the United States has relied primarily on a federal
system of premarket drug product clearance to ensure
the quality of the nation’s drug supply. When the
premarket clearance system was first introduced in
1938 in the aftermath of the Elixir of Sulfanilamide
tragedy in which over a 100 patients needlessly dies

H.G. Vogel et al. (eds.), Drug Discovery and Evaluation: Safety and Pharmacokinetic Assays, 5
DOI 10.1007/978-3-642-25240-2_1, © Springer-Verlag Berlin Heidelberg 2013
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because of a drug manufacturer’s carelessness
(Jackson 1970), federal law required only that new
drugs be tested and shown, prior to marketing to be
‘safe for use.’”

Serious injury and/or death of volunteers and
patients participating in early clinical trials are rare
and thus very disturbing when it occurs (Bass et al.
2004a, b; Marshall 2001a, b; Miller 2000). The organ
systems and functions most frequently responsible
in these events are the central nervous (seizure), car-
diovascular (hypotension, hypertension, and arrhyth-
mia), respiratory (asthma/bronchoconstriction), and
renal (glomerular filtration) systems, and the result is
almost always a critical care emergency (Kinter et al.
1997). The origins of safety pharmacology are
grounded upon observations that organ functions
(like organ structures) can be toxicological targets in
humans exposed to novel therapeutic agents and that
drug effects on organ functions (unlike organ struc-
tures) are not readily detected by standard toxicologi-
cal testing (see Mortin et al. 1997; Williams 1990;
Zbinden 1984).

Already in the late 1960s, even more in the 1970s,
major pharmaceutical companies, alerted by the tha-
lidomide disaster, intensified the preclinical testing of
drug candidates. In the USA, since 1962, a law requires
that new drug products also be shown to be “effective
in use” under the conditions of use recommended in
their proposed labeling. Insofar as safety is concerned,
the Act demands that a sponsor provide full reports of
all tests necessary to establish that the product will be
safe for use. On the other hand, Leber (2002) writes
that no pharmacologically active drug substance is
ever likely to be entirely free of risk. Accordingly,
the agency maintains that a regulatory determination
that a drug is “safe for use” is, in actually, a favorable
“risk-benefit” determination.

For example, in the pharmacological laboratories
of the former HOECHST AG, Germany, each com-
pound proposed for development was thoroughly
investigated under the term “General Pharmacology.”
In the specialized laboratories, e.g., for cardiovascu-
lar and respiratory function, nephrology, blood
coagulation, psychopharmacology, neuropharmacol-
ogy, analgesic and anti-inflammatory research,
gastroenterology, diabetology, atherosclerosis, and
endocrinology, the potential new drug was studied
according to internal rules for which the head of
the department of pharmacology was responsible.
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For the performance of the tests, the heads of the

special laboratories were responsible. Tests rarely

being used were performed in a laboratory for gen-
eral pharmacology.

These rules emphasized:

1. Application in the routes proposed for clinical use
(e.g., oral, intravenous).

2. Use of doses considerably higher than those found
to be active in pharmacological tests for the pro-
posed indication. If possible, at least ten times
higher doses were used.

3. Use of the animal species, which was considered the
most sensitive in the special indication; however,
several species had to be studied.

4. Multiple dose application, if effects could not be
detected after single application, e.g., in atheroscle-
rosis research or in endocrinology.

5. In-depth analysis when unexpected results were
found.

Unfortunately, these rules were never published
partially because pharmacologists wanted to perform
their studies without supervision by GLP. However,
the results were published if the investigational drug
reached the market (e.g., Omosu et al. 1988). Since
only 5% of compounds proposed for development
overcome all the hurdles, the majority of data were
also not published.

As Kinter et al. (1994) reported, in many pharma-
cological laboratories prior to 1990, organ function
testing was often conducted as an ancillary function
of discovery research. The selection of specific stud-
ies for a candidate drug was based on concerns raised
from its primary (those pharmacodynamic effects
related to a drug’s targeted indication; special phar-
macology) or secondary (those pharmacodynamic
effects unrelated to a drug’s targeted indication; gen-
eral pharmacology) pharmacology, or known effects
associated with the drug’s pharmacological, therapeu-
tic, or chemical class. This ad hoc approach to safety
evaluation led to nonsystematic decisions regarding
study designs and organ systems studied. Often,
the study designs employed were those available for
the assessment of efficacy, not safety endpoints (e.g.,
blood pressure determinations in anesthetized
felines). In addition, study designs employed dose
levels that exceeded the projected clinical efficacy
levels by small multiples, if any. Systemic exposures
associated with those dose levels were seldom
documented; indeed, investigators were sufficiently
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Table 2.1 Comparison of different regulatory guidelines (before 1995)

Deutschland (Germany) EU

Allgemeine Verwaltungsvorschrift
zur Anwendung der
Arzneimittelpriifrichtlinien
(Bundesrat Drucksache 580/89; 3.
Abschnitt, C 1; Okt. 1989)
Pharmakodynamik

» Wirkungsspektrum eines Stoffes
ermitteln

« Prospektive erwiinschte Wirkungen
» Wirkungen auf vitale Funktionen
(allgemeine Pharmakodynamik)

* Dosis-Wirkungs-Beziehung fiir
erwiinschte und unerwiinschte
Wirkungen sollen ins Verhaltnis
gesetzt werden

Jan.1989)
Pharmacodynamics

in the following order:

therapeutic effects (special
pharmacodynamics)

pharmacodynamics)

aware of this criticism that early organ function test-
ing was often conducted using intravenous adminis-
tration, regardless of the intended clinical route of
administration (Kinter et al. 1997). These early
organ function assessments were normally disjointed
and disconnected from the results of the toxicology
program. Attempts to add organ function endpoints
to toxicology protocols were frustrated by the fact
that data were collected without regard to the
physiological status of the subjects and/or pharmaco-
kinetic parameters (Lufy and Bode 2002; Morgan
et al. 1994).

Prior to 1990, regulatory guidances on organ func-
tion testing were limited. There were some “guide-
lines,” but each country or area had their own
regulatory ones (Table 2.1). These guidelines were
very unspecific except the Japanese one (see below).
The international regulatory documents differ as well
(Table 2.2). The US and European regulations pro-
vided only general references to evaluations of drug

Notice to applicants (Part III F;

Studies conducted to establish the
pharmacodynamic effects and the
mode of action should be evaluated
« Studies demonstrating desired

« Studies demonstrating effects in

addition to desired effects (general

« Studies to detect drug interaction

USA Japan
Guidelines for the format and Guidelines for
content of the nonclinical general
pharmacology/toxicology section  pharmacology
of an application (FDA; Feb. 1987) studies (MHW
Part II. D. 1. 1995)

« Effects on
general activity
and behavior

« Effects on the
central nervous

Pharmacology studies should be
presented in the following order,
with pharmacodynamic EDs in
dose-ranging studies preceding
mechanism of action studies

» Effects related to the therapeutic ~ system
indication (primary and secondary < Effects on the
activities) autonomic

« Effects related to possible adverse nervous system
reactions and smooth

* Interactions with other drugs muscle

« Effects on the
respiratory and
cardiovascular
systems

« Effects on the
digestive system
« Effects on water
and electrolyte
metabolism

* Other important
pharmacological
effects

» And special
additional tests

effects on organ system functions (Gad 2004; Kinter
etal. 1994; Lumley 1994). Organ function assessments
included with investigational new drug applications
(INDs) and registrations (NDAs) were inconsistent
and often viewed as unimportant (Green 1995; Proakis
1994). However, in Japan, the Ministry of Health and
Welfare (now referred to as the Ministry of Health,
Labour, and Welfare [MHLW]) had promulgated com-
prehensive guidances for organ function testing as
early as 1975 (see Table 2.3). These guidelines
described which organ systems would be evaluated
(including central and peripheral nervous systems, car-
diovascular, respiratory, gastrointestinal, and renal) as
a first tier evaluation (category A studies) and made
specific recommendations regarding study designs
(including description of models, criteria for dose
selection, and which endpoints would be included
in the investigation). The guidelines also described
a second tier of studies (category B) to be conducted
based on the significant findings in the category



Table 2.2 Excerpts from international regulatory documents

« “... studies that otherwise define the pharmacological
properties of the drug or are pertinent to possible adverse
effects.” (United States of America, 21 CFR (Section 314:50,
paragraph 2)

« “... a general pharmacological characterization of the
substance, with special reference to collateral effects.”
(European Economic Community, Directive 91/507/EEC)

« “A general pharmacological profile of the substance is required,
with specific reference to collateral effects. . .Methods of
screening will vary. . .but the aim should be to establish a pattern
of pharmacological activity within major physiological systems
using a variety of experimental models.” (United Kingdom,
Medicines Act 1968, Guidance notes on applications for product
licences, MAL 2, p. A3F-1)

« “Secondary actions—studies related to secondary
pharmacological actions of the new drug which may be relevant
to expected use or to adverse effects of the new drug.” “Other
studies—pharmacological activities of the drug that may be
pertinent to safety and which may or may not be relevant to
proposed clinical trials. . .” (Canada, RA5 Exhibit 2, Guidelines
for preparing and filing drug submissions, p. 21)

« “Studies should reveal potentially useful and harmful
properties of the drug in a quantitative manner which will permit
an assessment of the therapeutic risk. . . Investigations of the
general pharmacological profile should be carried out.”
(Australia, Guidelines for preparation and presentation of
applications for investigational drugs and drug products under
clinical trial exemption scheme, pp. 12, 15)

« “New drugs should be studied in a biological screening
program so as to define any action over and above that which is
desirable for the therapeutic use of the product.” (Nordic
countries)

» “The objective of general pharmacological studies is to
examine extensively the kind and potency of actions, predict
potential adverse effects likely to manifest in clinical

practice. . ..” (Japanese Guidelines for Safety Pharmacology
Studies, 1995)

A investigations. Because the Japanese guidelines
were the most comprehensive of their time, they
became the de facto foundation for organ function
safety testing throughout the pharmaceutical industry
(Kinter and Valentin 2002). The organ function studies
included in categories A and B were intertwined
with studies whose aim was to catalog additional phar-
macological functions and activities (secondary or
general pharmacology) in addition to the primary
pharmacological function/activity. Kinter et al.
(1994) first distinguished two subgroups of objectives
embedded in the Japanese studies as safety and
pharmacological profiling. This concept was enlarged
upon by the International Conference on Harmoniza-
tion (ICH) safety pharmacology expert working group
to define three categories of pharmacological
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characterizations: primary and secondary pharmaco-
dynamic, and safety pharmacology (see ICH S7A,
Table 2.3).

During the same period, European, US, and
Japanese regulatory agencies prepared positions on
general pharmacology/safety pharmacology in the
form of guidance and concept papers (Bass and
Williams 2003; Kurata et al. 1997; Table 2.3). Draft
documents appeared from Japan, Europe, and USA by
1998. Later that year, the Ministry of Health and
Welfare and the Japanese Pharmaceutical Manufac-
turer’s Association (JPMA) proposed to the ICH
Steering Committee the adoption of an initiative on
safety pharmacology. This proposal was accepted and
given the designation of Topic S7.

The origin of the term safety pharmacology is
obscure. It first appeared in drafts of the ICH guide-
lines “Non-clinical Safety Studies for the Conduct
of Human Clinical Trials for Pharmaceuticals,”
Topic M3, and ‘“Preclinical Safety Evaluation of
Biotechnology-Derived Pharmaceuticals,” Topic S6
(see Table 2.3). ICH S6 stated that *“...The aim of the
safety pharmacology studies should be to reveal func-
tional effects on major physiological systems (e.g.,
cardiovascular, respiratory, renal, and central nervous
system). . ..” The ICH Topic S7 Expert Working Group
began their work in the first quarter of 1999, and
a harmonized safety pharmacology guideline was final-
ized and adopted by the regional regulatory authorities
over 2000-2001 (ICH S7A). The guidelines describe the
objectives and principles of safety pharmacology, dif-
ferentiate tiers of investigations (“safety pharmacology
core battery,” “follow-up,” and “supplemental” studies),
establish the timing of these investigations in relation-
ship to the clinical development program, and embrace
GLP procedures (when applicable).

A significant issue that was extensively debated by
the ICH Topic S7 Expert Working Group was how to
evaluate the potential of new drugs to produce a rare
but potentially life-threatening ventricular tachyar-
rhythmia (torsade de pointes) in susceptible individ-
uals (Ackerman 1998; Anderson et al. 2002; De Ponti
et al. 2001; Haverkamp et al. 2000). The incidence of
torsades de pointes with drugs that are targeted at
noncardiac indications can be very low, for example,
1 in 120,000, and, hence, the imperative to find
nonclinical surrogates to identify those drugs with the
potential to elicit this serious cardiac arrhythmia
(Malik and Camm 2001; Moss 1999; Thomas 1994,
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Table 2.3 Current international guidelines and draft documents on safety pharmacology

Year
1975
1995
1998

1997

2000

2001

2002

2003

2004

2005

2009

Document

Notes on application for approval to manufacture (import) new drugs, issued in 1975 (MHW Japan)

Japanese guidelines for nonclinical studies of drugs manual 1995. Yakuji Nippo Tokyo, 1995

Guideline for safety pharmacology study (draft 3.17, 1998; Japan; personal communication, Dr. K. Fujimori)
Committee for proprietary medicinal products (EU). Note for guidance on safety pharmacology studies in medicinal product
development (Draft 1998) FDA DRAFT concept paper on safety pharmacology

Committee for proprietary medicinal products (EU). Points to consider: the assessment of the potential for QT interval
prolongation by non-cardiovascular medicinal products

ICH S6: preclinical safety evaluation of biotechnology-derived pharmaceuticals,

EU: adopted September 1997

MHLW: adopted February 2000

FDA: adopted November 1997

ICH M3: nonclinical safety studies for the conduct of human clinical trials for pharmaceuticals, July 1997

S7A: safety pharmacology studies for human pharmaceuticals

EU: adopted November 2000

Guidance for industry. S7A safety pharmacology studies for human pharmaceuticals. US Department of Health and Human
Services, FDA, Center for Drug Evaluation and Research, Center for Biologics Evaluation and Research, ICH. July 2001
MHLW: adopted June 2001

Therapeutic products directorate guidance document (Canada). Assessment of the QT prolongation potential of non-
antiarrhythmic drugs (2001)

The clinical evaluation of QT/QTc interval prolongation and proarrhythmic potential for non-antiarrhythmic drugs. FDA
DRAFT preliminary concept paper. Nov. 15, 2002

ICH guideline on safety pharmacology studies for assessing the potential for delayed ventricular repolarization (QT interval
prolongation) by human pharmaceuticals (S7B). Sept, 2, 2003

The clinical evaluation of QT/QTec interval prolongation and proarrhythmic potential for non-antiarrhythmic drugs. ICH
E14 Step 1 Draft 2 (July 17, 2003)

FDA (draft) guidance for industry: nonclinical studies for development of pharmaceutical excipients. February, 2003
FDA (draft) guidance for industry: nonclinical studies for development of medical imaging agents. February, 2003
CPMP position paper on nonclinical safety studies to support clinical trials with a single microdose. July 2003

FDA (draft) guidance for industry: nonclinical safety evaluation of pediatric drug products. February, 2003

S7B revised: the nonclinical evaluation of the potential for delayed ventricular repolarization (QT interval prolongation) by
human pharmaceuticals. Step 3, June 2004

E14: principles for clinical evaluation of new antihypertensive drugs. Step 3, June 2004

S7B (Step 5; May 2005): EU: adopted by CHMP May 2005, issued as CHMP/ICH/423/02.

EU: adopted May 2005

MHLW: adopted October 2009

FDA: adopted October 2005

E14 (Step 5; May 2005): EU: adopted by CHMP May 2005, issued as CHMP/ICH/2/04. Date for coming into operation:
November 2005.

MHLW: adopted October 2009

FDA: adopted October 2005

S9: nonclinical evaluation for anticancer pharmaceuticals (Step 5, October 2009)

EU: adopted November 2009

MHLW: adopted June 2010

FDA: adopted March 2010

M3(R2): guidance on nonclinical safety studies for the conduct of human clinical trials and marketing authorization for
pharmaceuticals (Step 5, June 2009)

EU: adopted June 2009

MHLW: adopted February 2010

FDA: adopted January 2010

Viskin 1999; Webster et al. 2002). The surrogates of repolarizing cardiac ion currents (e.g., sodium current,
cardiac ventricular repolarization prolongation have Iy,, calcium current, Ic,, rapid, delayed potassium
included in vitro assessment of drug effects on rectifying current, Iy, slow, delayed potassium
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rectifying current, Ik, and inward rectifying potassium
current, Ix;) and cardiac cell action potential wave-
forms (Hammond et al. 2001; Redfern et al. 2003), and
in vivo electrocardiography assessments of QT Inter-
val Prolongation (with heart rate correction, QTc),
monophasic action potentials, and effective refractory
periods (Batey and Doe 2003; Champeroux et al. 2009,
2010; Hammond et al. 2001; Holzgrefe et al. 2007a, b;
Spence et al. 1998; Vargas et al. 2008). The controver-
sial issue is the accuracy of these models to identify
problematic drugs, and how these data may be assim-
ilated into an assessment of human risk (Kinter and
Valentin 2002). Recognizing that resolution would not
be easily forthcoming, the ICH S7 Expert Working
Group proposed to the ICH Steering Committee that
a new initiative be accepted to generate guidelines on
the assessment of drugs for effects on cardiac ventric-
ular repolarization. This proposal was accepted in
November 2000 and was designated ICH Topic S7B,
“Guideline on Safety Pharmacology Studies for
Assessing the Potential for Delayed Ventricular Repo-
larization (QT Interval Prolongation) by Human Phar-
maceuticals.” The guidelines on safety pharmacology
finalized at the same ICH meeting was redesigned
Topic S7A, “Safety Pharmacology Studies for
Human Pharmaceuticals.” Recently, it was found that
some compounds show a QT shortening. This finding
is recognized as an emerging potential safety issue
with a clear business impact (Del Rio et al. 2001;
Deurinck and Traebert 2008; Himmel and Hoffmann
2010; Holbrook et al. 2009; Lu et al. 2008a, b; Pugsley
and Curtis 2007; Regan et al. 2008). According to Lu
et al. (2008a, b), drug-induced QT shortening is asso-
ciated with a potential risk for ventricular tachycardia
(VT) and ventricular fibrillation (VF), which is invari-
ably fatal, whereas the QT prolongation—associated
torsades de pointes has only an approximately 20%
incidence of death. Lu et al. (2008a) concluded in
their paper, that the current S7B regulatory guideline
may be useful for predicting drug-induced QT prolon-
gation; amendments to this guideline may be
warranted in the future to address the potential liability
for drug-induced short QT and the associated fatal
arrhythmias (Shah 2010).

Shortly after the adoption of the ICH Topic S7B, the
US Food and Drug Administration and the Pharma-
ceutical Research and Manufacturers of America pro-
posed to the ICH Steering Committee the adoption of
a parallel initiative to prepare guidelines on clinical
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testing of new therapeutics for their potential to pro-
long ventricular repolarization. This proposal was
accepted as ICH Topic E14 entitled, “The Clinical
Evaluation of QT/QTc Interval Prolongation and Pro-
Arrhythmic Potential for Non-Antiarrhythmic Drugs.”
In November 2003, the ICH Steering Committee
directed the ICH Topic E14 and S7B expert working
groups to align their respective guidelines, in particu-
lar, the role that nonclinical findings will serve in the
design of the clinical study to assess a drug’s effect on
ventricular repolarization (QT interval). Both guide-
lines were recommended for adoption at step 5 of the
ICH process in May 2005 by the ICH Steering Com-
mittee. The Committee for Medicinal Product for
Human Use (CHMP) of the EMEA has adopted both
guidelines in May 2005 (Shah 2005a, b) and issued as
CHMP/ICH/423/02 (S7B) and CHMP/ICH/2/04
(E14). The date for coming into operation of the S7B
was November 2005, and in the Federal Register
(FDA), it was published in Vol. 70, N 202, pages
61133-61134; October 20, 2005. The date for coming
into operation of the E14 was November 2005, and it
was published in the Federal Register, Vol. 70, N 202,
pages 61134-61135, October 20, 2005.

2.2  Practice of Safety Pharmacology

(ICH S7A)

Safety pharmacology is .. .those studies that investi-
gate the potential undesirable pharmacodynamic
effects of a substance on physiological functions in
relationship to exposure in the therapeutic range and
above...” (ICH S7A, Table 2.3). Three primary objec-
tives are encompassed in these investigations.
1. To provide a perspective of the potential pharma-
codynamic risk posed to humans by exposure to
a new therapeutic agent. This is accomplished
through the pharmacodynamic characterization of
the new drug on central (peripheral) nervous
(Haggerty 1991; Mattsson et al. 1996; Moser
1991; Porsolt et al. 2002; Ross et al. 1998), cardio-
vascular (Bunting and Siegl 1994; Lacroix and
Provost 2000; Kinter and Johnson 2003), and
respiratory (Murphy 1994, 2002; Sarlo and Clark
1995) systems (safety pharmacology core battery
studies), and other major organ systems (supple-
mental studies; e.g., gastrointestinal [Baldrick
et al. 1998; Kinter 2003; Mojaverian 1996] and



2 Status of Safety Pharmacology and Present Guidelines

renal [Chiu 1994; Kinter 2003]) as appropriately

based on concern for human safety.

2. To investigate the underlying mechanism(s) of
observed effects to refine and improve upon the
integrated assessment of the risk posed by the drug
when adverse findings have been noted in
nonclinical or clinical investigations. These may
be follow-up studies of the safety pharmacology
core battery or the study of other major organ sys-
tems (supplemental studies) based on a potential
clinical concern (Gad 2004; Kinter and Dixon
1995; Williams and Bass 2003).

3. To determine the temporal relationship between
the pharmacodynamic responses noted with the
test substance and the peak blood levels of parent
drug and any major metabolites. This information
will be used to identify the peak drug levels at the
low-observed-effect level (minimal dose level
tested that produces an effect; LOEL) and no-
observed-effect level (maximum dose level tested
without an effect; NOEL), the relationship between
parent drug and/or major metabolite and the phar-
macodynamic response, and whether the pharma-
codynamic changes noted with the test material
may be related to animal-specific metabolites.
These data are critical to defining a margin
of safety between the NOEL and the projection of
plasma levels needed to achieve clinical efficacy.
They also serve to define the human risk posed by
exposure to the new drug (e.g., little risk if the
response can be attributed to an animal-specific
metabolite) and the possible timing of onset and
recovery from any observed effects (Williams
and Bass 2003).

The safety pharmacology core battery and any sup-
plemental studies deemed to be necessary to assure
that human safety are to be conducted in advance of
initial clinical trials (“first in human” studies) so that
a new drug can progress safely into the clinical phases
with an appropriate level of monitoring. In situations
where the adverse effects are judged to be potentially
serious, or when unexpected pharmacodynamic effects
occur in humans, the next tier of testing, investiga-
tional safety pharmacology studies (e.g., follow-up or
supplemental studies), may be appropriate (ICH S7A;
see Table 2.3).

The ICH S7A guideline has brought uniformity to
the evaluations of new drugs for effects on organ
functions, mandating with few exceptions, that all
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drug candidates will be evaluated in the safety phar-
macology core battery studies and in follow-up and
supplemental as appropriate to assure human safety
(Pugsley et al. 2008). The cardiovascular, respiratory,
and central (peripheral) nervous system functions were
selected for the safety pharmacology core battery
based on the concern that an acute failure of these
systems would pose an immediate hazard to human
life. The examination of additional organ systems
(gastrointestinal, renal, etc.) may also be appropriate
based on a cause for concern for human safety. The
experimental models, endpoints, and study designs
chosen should be relevant to the prediction of the
potential human response. Preference is given to
studying animals in the conscious versus the anesthe-
tized states and in the unstressed/unrestrained versus
stressed/restrained conditions, to the extent possible
within animal welfare guidelines. The clinical route
is the preferred route, unless otherwise justified, for
example, intravenous rather than oral route to achieve
higher blood levels of the parent drug, where oral
bioavailability in the test species may be low. Data
are collected for a period that has the potential to define
the onset, duration, and recovery from possible phar-
macodynamic effects. This data collection period
would be initially based on the pharmacokinetic
(or toxicokinetic) properties of a drug in the selected
species and, at a minimum, encompass the time at
which the maximum plasma concentrations of the par-
ent drug and any major metabolites are achieved. The
demonstration of reversibility/recovery from pharma-
codynamic effects may be accomplished by waiting
five or more half-lives before terminating the data
collection. In the event that human-specific metabo-
lites are detected in the early clinical phases, consider-
ation would be given to nonclinical pharmacodynamic
studies that would be appropriate to assure continued
human safety.

2.3  Institutional Strategies
The impact of the implementation of the ICH S7A
guideline on the organization, philosophy, and prac-
tices in safety pharmacology in the pharmaceutical
industry shows some controversies and challenges.

In a survey, Valentin and Bass (2004, personal
communication) showed the impact in various phar-
maceutical companies. The types of safety
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pharmacology studies conducted are different. During
the precandidate drug selection phase, primarily
in vitro and in vivo vascular studies were conducted.
The focus in these studies was on cardiac repolariza-
tion. CNS studies were of lesser extent. In the
postcandidate phase, the “core battery” of S7A, as
well as “follow-up” and “supplementary” studies was
performed. In late phases, during clinical develop-
ment, studies followed on a case-by-case basis.

Should early safety pharmacology studies repli-
cated in order to claim GLP compliance? This question
was answered differently.

YES for those who think: it increases the statistical
power, shows higher exposure of the test article,
slightly different focus, GLP, “box-ticking” reasons.

NO for those who mentioned: studies sometimes
acceptable by regulatory agencies, animal welfare
(3Rs), limited resources, cost/time versus benefit,
limited resources, avoid generating conflicting
results (Wakefield et al. 2002).

The design and the execution of safety pharmacol-
ogy studies are focused upon the safety of human
volunteers and patients in clinical trials. ICH S7A
and S7B strive for effective integration of safety phar-
macology results with those of the nonclinical (toxi-
cology) and clinical safety databases.

Overall, the ICH S7A and S7B guidelines are suc-
cessfully implemented in the pharmaceutical world.
The “core battery” is in general performed prior to
“First in Man.” These guidelines increase the visibility
of safety pharmacology within companies and increase
focus by regulatory agencies.

2.4  Future of Safety Pharmacology

The future of safety pharmacology will depend, in part,
upon the scientific and technological advances and
regulatory challenges that envelop pharmaceutical
development (Cavero and Crumb 2005; Porsolt et al.
2005). With advances in molecular biology and bio-
technology and cancer (see guidelines S6(R1) (1997)
and S9 (2009)), which allow for the identification of
new clinical targets, newer pharmaceutical agents
are being identified that act at these novel molecular
sites in an attempt to ameliorate the disease condi-
tion. Inherent in the novelty of new targets is the risk
of unwanted effects that may or may not be detected
with current techniques. The scientific challenge
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facing safety pharmacology is to keep pace, to
adapt, and to incorporate new technologies in the
evaluation of new drugs in nonclinical models and
identifying the effects that pose a risk to human
volunteers and patients.

Recent examples include safety pharmacology’s
embracement of modern electrophysiological tech-
niques to evaluate the effects of new drugs on the
ionic components of the cardiac action potential
(Redfern et al. 2003) and telemetry techniques to per-
mit the chronic monitoring of physiological functions
in unstressed animals (Kinter and Johnson 1999;
Kramer and Kinter 2003; Kramer et al. 1998).
Efforts continue to construct databases relating the
similarities and differences between animal and
human responses to pharmaceutical agents (Igarashi
et al. 1995; Olsen et al. 2000). As an example,
nonclinical safety studies, including safety pharmacol-
ogy studies, are typically conducted in normal,
healthy, young adult or adult animals. However,
these tests may not appropriately detect specific
responses in humans at other ages (e.g., neonates,
adolescents, and geriatrics) or those with underlying
chronic diseases (e.g., heart failure, renal failure,
and type II diabetes), conditions which may alter the
pharmacodynamic response to a drug. In some cases,
animal models that overexpress or are deficient in the
unique targets, or are otherwise manipulated to model
the human pathophysiological conditions, may provide
additional focus and sensitivity to detect and interpret
the potential unwanted effects of new drugs in terms
of human risk (Hondeghem et al. 2001).

The future of safety pharmacology is also
intertwined with international regulatory guidelines
such as ICH Topics S6(R1) (1997), STA (2000), S7B
(2005), S9 (2009), and E14 (2005). The discipline is
considered integral to the evolving regulatory strate-
gies for safely accelerating the introduction of these
drugs into the clinical phases (e.g., EMEA (CPMP),
“Position Paper on Non-clinical Safety Studies to
Support Clinical Trials with a Single Microdose” and
the US Food and Drug Administration, Screening
Investigational New Drug Application). Additionally,
safety pharmacology is also considered important to
newly emerging regulatory guidelines from US Food
and Drug Administration, such as the “Safety Evalua-
tion of Pediatric Drug Products and Non-clinical
Studies for Development of Pharmaceutical Excipi-
ents.” The ICH M3(R2) (2009) guideline further
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expanded the exploratory clinical trial approach with
international consensus (Bass et al. 2011).

The introduction of pharmaceutics into the environ-
ment is gaining the attention of both regulators and
pharmaceutical industry (Calamari 2003; Huggett
et al. 2003; Kopin et al. 2002). While this is not
currently the subject of any international environmen-
tal guideline, the use of organ function endpoints may
become an important component in bridging safety
data collected in mammalian vertebrates (including
humans) to aquatic species for purposes of the identi-
fication of relevant target species and organ functions
and the design of specific environmental toxicology
studies.

Regulatory interventions in drug safety have
become more and more stringent as evidenced contin-
uous promulgation of novel guidelines (Table 2.3).
Another ongoing challenge facing drug developers,
regulators, and physicians is a need to find the
correct balance between introducing new drugs to
the market for unmet medical needs and assuring
the safety of the clinical trial subjects and patients
(Anon 2008).
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3.1 General Considerations

3.1.1 Definition of Safety Pharmacology
Safety pharmacology studies are “those studies that
investigate the potential undesirable pharmacody-
namic effects of a substance on physiological functions
in relation to exposure in the therapeutic dose-range
and above” (Anonymous 2000). Safety pharmacology
is an essential stage in drug development and includes
studies evaluating the potential effects of a test sub-
stance on vital systems, including the cardiovascular
and central nervous systems (CNS) (Lindgren et al.
2008; Pugsley et al. 2008). There has, unfortunately,
been considerable confusion about the term ‘“‘safety
pharmacology,” and many other kinds of study have
also been included. This is no doubt explained by the
multitude of terms which have been used to describe
the area: general pharmacology, ancillary pharmacol-
ogy, secondary pharmacology, high-dose pharmacol-
ogy, and regulatory pharmacology (Porsolt 1997).

3.1.2 Scope of CNS Safety Pharmacology

What kinds of studies come within the scope of CNS
safety pharmacology? The European Agency for the
Evaluation of Medicinal Products has proposed a set of
guidelines ICH S7A (Anonymous 2000) that came into
effect in June 2001 and have since been adopted in the
USA and Japan. The European guidelines include as
core battery CNS studies “motor activity, behavioral
changes, coordination, sensory/motor reflex responses,
and body temperature” with the remark that “the cen-
tral nervous system should be assessed appropriately.”
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Follow-up studies should include “behavioral pharma-
cology, learning and memory, ligand-specific binding,
neurochemistry, visual, auditory, and/or electrophysi-
ology examinations, etc.” In general, core battery stud-
ies should be carried out prior to first administration in
humans, whereas the follow-up studies should be car-
ried out prior to product approval. A final recommen-
dation is that core battery studies should be carried out
in full accordance with GLP, whereas follow-up stud-
ies, because of their unique characteristics, require
only assurances of “data quality and integrity.”

ICH S7A guidelines suggest a clear intent by the
European and US authorities to free safety pharmacol-
ogy from the constraints of a cookbook approach. On
the other hand, their vagueness does not provide any
clear idea of what could or should be done. In partic-
ular, only passing mention is made of drug abuse/
dependence assessment, despite this evident safety
concern for a large variety of pharmacological agents.
For more recent discussions on safety pharmacology,
see Porsolt et al. 2002, Bass et al. 2009.

3.1.3 In Vivo Versus In Vitro

CNS safety pharmacology makes use mainly of in vivo
methods in conscious animals. The primary reason is
that CNS function is best evaluated in an intact and
freely moving animal. In contrast to cardiovascular
safety pharmacology, where important aspects of func-
tion can be evaluated in anesthetized animals or even
isolated organs or cells, behavior is the global result of
multiple mechanisms, many unknown, and by definition
occurs only in the conscious animal or person. Possible
exceptions are drug effects on CNS electrophysiology,
where drug effects on cerebral cells or structures can
be investigated under anesthesia (Easter et al. 2009).
On the other hand, CNS electrophysiology can also be
investigated using EEG techniques in conscious animals
with higher predictability for real-life situations.

3.1.4 Core Battery CNS Safety
Pharmacology Studies

ICH S7A distinguishes between core battery studies and
supplementary or follow-up studies (Bass et al. 2009).
Core battery CNS procedures are typically simple tests,
using traditional techniques, which can be carried out
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rapidly in a routine fashion. They are the first techniques
to be employed in safety assessment and are frequently
applied at the very beginning of the discovery process as
a screen to eliminate substances with a potential for
CNS risk. Because of their use early in the safety eval-
uation process, such studies are conducted almost exclu-
sively in the rodent. Another requirement is that such
studies be carried out according to GLP. Nevertheless, it
is now recognized that it may be advantageous to iden-
tify potential CNS risks earlier in drug development
using exploratory studies performed outside the con-
straints of GLP (Cavero 2009). ICH S7A recommends
that core battery studies should include measures of
drug-induced observable signs, measures of spontane-
ous locomotion, and motor coordination. Three other
kinds of measure, originally recommended by the
Japanese guidelines Category A but dropped from the
ICH S7A core battery, are the convulsive threshold,
interaction with hypnotics, and the pain threshold. In
contrast to ICH S7A, it seems to us that such measures
could usefully be included in a core battery of CNS
safety pharmacology procedures. Decreases in the con-
vulsive threshold are by no means negligible in the
assessment of CNS safety. Several substances, includ-
ing antipsychotics like clozapine, do not induce frank
convulsions at any dose but clearly decrease the con-
vulsive threshold. Even anticonvulsive activity, which
initself is not a risk factor, could be a useful predictor of
cognition-impairing effects. Several anticonvulsants,
such as benzodiazepines and NMDA antagonists, are
known to impair cognition in addition to their anticon-
vulsant activity. Thus, the presence of anticonvulsant
activity could represent a useful first screen for potential
cognition-impairing effects (Porsolt et al. 2002). In
a similar fashion, sleep-inducing or sleep-attenuating
activity could be unmasked by a barbiturate interaction
procedure. Benzodiazepines, for example, do not by
themselves induce sleep, but their sleep-enhancing
activity can be readily detected in interaction with bar-
biturates. The same is true for psychostimulants which
may or may not induce signs of excitation in a primary
observation procedure, but clearly block barbiturate-
induced sleep. Finally, a drug-induced decrease in pain
sensitivity would certainly constitute a CNS risk
factor which could be assessed fairly simply using
a nociception procedure. It has even been suggested
that the presence of analgesic activity constitutes
a predictor of abuse liability (Franklin 1998). Compared
with current cardiovascular and respiratory procedures,
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inclusion of such tests in a core battery would not
represent a major expense, but would considerably
improve the assessment of CNS risk. Protocols for
such tests are included below (Sect. 3.2).

3.1.5 Supplementary CNS Safety
Pharmacology Studies

Supplementary or follow-up studies are more wide
ranging and cover cognitive function (dependence/
abuse potential, learning, memory and attention, and
brain function (EEG)). Because of their complexity,
there exist no standard protocols, and there is no formal
requirement that such studies be carried out in compli-
ance with GLP. There is nonetheless a clear preference
by regulatory authorities that even supplementary
studies carried out in compliance with GLP as far as
possible. A stringent requirement is that such proce-
dures be carried out according to internationally
accepted scientific standards of excellence. Protocols
which we have found useful for evaluating such effects
are also included below (Sect. 3.3).

3.1.6 Choice of Animal Species

Most of the core battery studies can be performed in
the mouse or the rat. The protocols described below
provide the rat version and have been standardized in
our own laboratory using male Wistar rats weighing
between 150 and 250 g at the beginning of the exper-
iments, depending on the tests. Apart from general
observation procedures, where the behavioral reper-
toire in the rat is richer than that in the mouse, there
is no theoretical reason for preferring the rat. On the
other hand, the rat is the species of choice for many
other areas of drug development (chronic treatment
studies, toxicology, biochemistry, pharmacokinetics).
It is therefore preferable to use the rat for CNS core
battery studies to ensure a maximum of coherence with
other available data. Although the mouse is clearly
more economical both in terms of cost and the quantity
of test substance required for carrying out the experi-
ments, such considerations are less relevant later in the
drug development process (just before phase I), where
larger quantities of test substance are available and the
costs of such experiments are minor in comparison
with other development costs.
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For supplementary studies, the rat remains the spe-
cies of choice. A possible exception is the use of
primates which can be used under certain conditions
as discussed in Sect. 3.3 for assessment of abuse poten-
tial (Moser et al. 2011b). The reason is not that drug
effects clearly differ between the species, but more
because primates are closer to man in terms of active
doses and pharmacokinetics, thereby increasing pre-
dictability in areas of more complex CNS function.

3.1.7 Route of Administration

Test substances can be administered by different routes
of administration. ICH S7A guidelines suggest that
safety pharmacology studies should be performed
using the same route of administration as that intended
in man. Because in most cases drugs are administered
by the oral (p.o.) route, the p.o. route is used most
frequently for CNS core battery studies. On the other
hand, there is no guarantee that rats have similar absorp-
tion and metabolism to man via the oral route. Indeed,
some drugs, for example, the antipsychotics haloperidol
or sulpiride, are poorly absorbed in the rat after oral
administration but are given orally in man. The risk of
poor absorption in the rat might indeed provide
a justification for using a more effective route, intrave-
nous (i.v.), intraperitoneal (i.p.), or subcutaneous (s.c.),
for safety pharmacology studies, where the aim is to
establish potential risk. Thus, showing an absence of
adverse effect by a pharmacologically sensitive route
should in principle provide the best estimate of safety.

3.1.8 Statistical Analyses

The aim of safety pharmacology is the detection of
risk. It is therefore essential not to miss elements which
could compromise the safety of a potential therapeutic
agent. In other words, the number of false negatives
should be kept to a minimum. False positives (errone-
ous detections of possible risk), although troublesome,
are less serious and can usually be corrected by sup-
plementary testing.

Translated into statistics, this implies that for safety
pharmacology, the risk of type 2 errors (false nega-
tives) should be decreased as much as possible, even
if there is an increase in the risk of type 1 errors
(false positives). In other words, the statistical tests



20

employed in safety pharmacology should err in the
direction of oversensitivity rather than the reverse.
A test substance found not to have significant safety
risks based on preclinical studies, even after the use of
oversensitive statistics, is more likely to be truly
devoid of risk. As a consequence, the statistical ana-
lyses proposed for the CNS safety procedures
described below (mainly two-by-two comparisons
with control using Student’s ¢ tests) have been selected
for maximal sensitivity to possible effects per dose at
the acknowledged risk of making more type 1 errors.
More conventional statistical procedures such as use of
analysis of variance (ANOVA) followed by post hoc
tests for two-by-two comparisons can also be used.
Nevertheless, use of a too strict statistical procedure
may generate false-negative results which are to be
avoided in studies designed to detect risk.

3.1.9 Ethical and Animal Welfare Issues

As with all procedures involving living animals,
important considerations in the choice of method are
the ethical issues surrounding it. Most regulatory bod-
ies have made pronouncements on this subject, and the
reader should consult these documents for more
detailed information. However, the guiding principles
are to use as few animals as necessary and to avoid
stressful procedures as much as possible.

In the field of safety pharmacology, where the aim
is to assess the risk of inducing unwanted effects, the
possibility of causing animal distress is potentially
higher than in other areas of pharmacology. This is
particularly true for CNS safety pharmacology studies
which use primarily intact and conscious animals. The
experimenter must therefore maintain awareness of
these issues, not only in planning and devising the
protocols but also during the experiments, where pro-
cedures for stopping the experiment in the event of
well-defined events (e.g., pain or death) should be in
place. Conditions should be fixed in advance such that
these events are absent or exceptional and allow deci-
sions to be made to stop the experiment if they occur.

Safety pharmacology generally uses larger group
sizes than efficacy pharmacology, and it is important
that the results are sufficiently reliable for regulatory
decisions to be made. However, in some circum-
stances, methods exist to reduce animal use while at
the same time maintaining scientific validity. One
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example is the supplanting of the traditional LD50
acute toxicity test, which uses a large number of ani-
mals to obtain very limited data. Similar data, with
fewer animals and considerably more information,
can be obtained using the Irwin procedure.

The test procedures described below have been
selected and conceived to comply with the ethical
requirements outlined above.
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3.2  CNS Core Battery Studies

This section describes basic protocols satisfying ICH
S7A recommendations for core battery CNS studies.
Included are protocols for measuring general behav-
ioral signs induced by test substances (Irwin test),
effects on spontaneous locomotion (activity meter
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test), effects on neuromuscular coordination (rotarod
test), effects on the convulsive threshold (electrocon-
vulsive shock (ECS) threshold and PTZ seizure tests),
interaction with hypnotics (barbital interaction test),
and effects on the pain threshold (hot plate test).

3.2.1 Irwin Test
PURPOSE/RATIONALE
The primary aim of the Irwin test, first described in the
mouse by Irwin (1968) but easily adapted to the rat, is to
evaluate the qualitative effects of the test substance on
behavior and physiological function, from the first doses
that have observable effects up to doses which induce
clear behavioral toxicity or even death. The Irwin test
also permits a reasonable estimate of the test substance’s
duration of action on the different parameters observed.
Because most measures involve subjective assess-
ment of different aspects of the animal’s behavior, the
test must be performed in a highly standardized man-
ner by well-trained observers to ensure reproducible
findings on different occasions or at different observa-
tion times on the same day. Indeed, because of system-
atic changes in the behavior and reactions of test
animals over a test day, drug-treated animals are
always evaluated with reference to a simultaneously
treated group of vehicle controls under nonblind con-
ditions to gauge whether an observed effect is truly
a consequence of treatment with the test substance.

PROCEDURE
Rats are administered the test substance and are
observed simultaneously with a control group given
vehicle. Although the test treatment can be blinded,
the observer is always aware of which group received
vehicle. All treated groups are compared with the same
control simultaneously, with two or three animals
within a treatment group observed at any one time.
Behavioral modifications, physiological and neuro-
toxicity symptoms, rectal temperature, and pupil diam-
eter are recorded according to a standardized
observation grid derived from that of Irwin. The grid
contains the following items: death, convulsions,
tremor, Straub tail, decrease in general activity,
increase in general activity, jumping, abnormal gait
(rolling, tiptoe), motor incoordination, altered muscle
tone, loss of grasping, akinesia, catalepsy, loss of trac-
tion, loss of balance, forepaw treading, writhing,
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piloerection, stereotypies (sniffing, chewing, head
movements), head twitches, scratching, altered respi-
ration, aggression, altered fear, altered reactivity to
touch, ptosis, exophthalmia, loss of righting reflex,
loss of corneal reflex, analgesia, defecation/diarrhea,
salivation, lacrimation, rectal temperature (hypother-
mia/hyperthermia), and pupil diameter (myosis/mydri-
asis). Further details of the evaluation of the signs/
symptoms are provided in the following table
(Table 3.1).

Observations are performed 15, 30, 60, 120, and
180 min after administration of the test substance and
also 24 and 48 h later. The symptoms marked (*) are
observed continuously from O to 15 min after admin-
istration. Depending on the pharmacokinetic proper-
ties of the test substance, observations can be
conducted at shorter or longer times after
administration.

Six rats are studied per group.

The test substance is usually evaluated at four
doses, administered p.o. immediately before the test.
For safety pharmacology studies, the lowest dose is
close to the therapeutic dose as estimated in tests
predictive of the indication, and the highest dose can
be 100 or 300 times this dose if the substance’s toxicity
or physical characteristics permit administration of
such a dose.

EVALUATION

Being mainly a qualitative assessment procedure, no
formal statistical analysis is conducted. Most symp-
toms are evaluated by their presence or absence. Some
(increased or decreased activity) are rated on a 3-point
scale. Others (respiration, fear/startle, reactivity to
touch) are scored in two directions. Finally, certain
parameters (rectal temperature, pupil diameter) are
measured quantitatively.

CRITICAL ASSESSMENT OF THE METHOD
The Irwin test serves at both ends of the drug discov-
ery/development spectrum.

In the exploratory phase of drug development, it is
frequently the first test employed in vivo. During this
phase, the purpose of the test is to provide a rapid
detection of the test substance’s toxicity, active dose
range, and principal effects on behavior and physio-
logical function. A first estimate of safety is provided
by the difference between the first doses inducing
observable effects and those inducing frank behavioral
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Table 3.1 Symptoms observed during the Irwin test in the rat

Symptoms
Death*

Convulsions™*

Tremor*

Straub tail*

Decreased activity

Increased activity

Jumping*
Abnormal gait*

Motor
incoordination*®

Altered abdominal
muscle tone

Loss of grasping

Akinesia

Observations

Presence

Indicate the time of death if <15 min
Presence

Indicate the time of appearance if
<15 min

Presence

Whole or part of body trembling
Presence

Rigid tail held upright and tending to
curve over the back of the animal

Three intensities:

+: After removing the cage cover and
manipulation, the animal moves more
slowly than controls

++: Under the same conditions, the animal
moves very slowly

+++: Under the same conditions, the
animal does not move at all

Three intensities:

+: After removing the cage cover and
manipulation, the animal is slightly more
active than controls

++: Under the same conditions, the animal
moves rapidly (frequently stopping)
+++: Under the same conditions, the
animal moves very rapidly (occasionally
stopping)

Presence

Presence

For example, Rolling gait. Motor
coordination preserved, occasional
staggering

Locomotion on tiptoe

Presence

Motor coordination impaired.
Disorganized locomotion

(e.g., crossing of paws, etc.)

Increase (T) or decrease (|)

Hardness or softness of the abdomen
when pressed laterally between forefinger
and thumb is compared with controls.
Presence

When placed on a horizontal wire grid, the
animal does not grasp grid when pulled
backward by the tail

Presence

When placed on a wire grid, the animal
does not move when the grid is
progressively moved toward a vertical
position (about 30°)

(continued)
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Table 3.1 (continued)

Symptoms
Catalepsy

Loss of traction

Loss of balance*

Forepaw treading*

Writhing*

Piloerection™

Stereotypy*

Head twitches*

Scratching*
Altered respiration*

Aggression*

Altered fear/startle

Altered reactivity to
touch

Ptosis

Exophthalmia

Observations
Presence

When placed in Buddha position (upright
posture on its hind paws), the animal does
not move

Presence

When placed on a horizontal bar by the
forepaws, the animal fails to bring its hind
paws up onto a second bar placed below
the first one (three trials maximum)

Presence

Motor coordination impaired. The animal
falls on its side when it moves

Presence

Repeated stamping of forepaws without
displacement

Presence

Coordinated contraction of abdominal
muscles usually resulting in hollow flanks
and stretching of hind limbs

Presence
Fur standing on end
Presence

Abnormal repeated movements:
Sniffing
Chewing
Head movements

Presence

Rapid saccadic side-to-side axial
movement of the head

Scratching with fore- or hind paws
anywhere on the body

Increase () or decrease (|)

Respiration rate is compared with controls
Presence

Biting attempts when approached toward
head with a ballpoint pen

Biting attempts toward the other animals
or toward the experimenter

Increase (1) or decrease (|)

Animal’s reaction (flinch, jump. ..) when
fingers are snapped above cage is
compared with controls

Increase (T) or decrease (|)

Animal’s flight reaction to downward
finger pressure on the hindquarters is
compared with controls

Presence

Eyelid partially or completely closed
Presence

Protrusion of the eyeballs

(continued)
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Table 3.1 (continued)

Symptoms Observations

Loss of righting Presence
reflex When placed on its back, the animal does

not right itself

Loss of corneal Presence

reflex When the corneal surface is lightly
touched with the tip of a pen, the animal
does not close eye

Analgesia Presence

When pinched at base of tail with forceps,
the animal does not react (turning toward
forceps, vocalization)

Defecation/ Presence
diarrhea
Salivation Presence

Dampness visible around mouth

Lacrimation Presence

Dampness visible around eyes
Hypothermia Three levels based on mean temperature
measured in treated and control animals:
+: Decrease >1°C
++: Decrease >2°C
+++: Decrease >3°C

Hyperthermia Three levels based on mean temperature
measured in treated and control animals:
+: Increase >1°C

++: Increase >2°C

+++: Increase >3°C

Three levels based on mean pupil
diameter measured in treated and control
animals (1 unit = 1/30 mm):

+: Decrease >10 units

++: Decrease >20 units

+++: Decrease >30 units

Myosis

Mydriasis Three levels based on mean pupil

diameter measured in treated and control
animals: (1 unit = 1/30 mm)

+: Increase >10 units

++: Increase >20 units

+++: Increase >30 units

toxicity or lethality. Even when the test substance is
intended for a nonpsychotropic indication, the Irwin
test permits the choice of doses for subsequent tests.
Furthermore, the Irwin test can frequently permit iden-
tification of the kind of activity exerted by the test
substance in the psychotropic domain. As is illustrated
in Figs. 3.1 and 3.2, clearly distinct and identifiable
profiles are observed with drugs such as the antipsy-
chotic haloperidol and the analgesic morphine.
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Data obtained in the Irwin test can be grouped into
major categories related to effects on general activity
(decrease/increase), motor behavior/coordination,
modification of pain threshold, autonomic signs, or
other effects. Figure 3.1 provides an example of such
arepresentation comparing the effects of amphetamine
with the effects of diazepam. The modified presenta-
tion gives a more visual representation of the main
effects of each substance and their duration of action,
thereby facilitating comparison between substances.

At later stages of drug development (before phase
I), when the test substance has been more fully char-
acterized, the Irwin test provides a clear overall index
of the test substance’s margin of safety. Furthermore,
although the test is mainly behavioral, it can give
global indications of drug effects on vital functions
such as respiration or intestinal motility. On the other
hand, the test provides little information about effects
which are not visible from direct observation, includ-
ing the whole range of cardiovascular, pulmonary, and
gastrointestinal parameters.

MODIFICATIONS TO THE METHOD

The Irwin test, although originally described in the
mouse, was later applied to the rat (Esteve et al.
1988). Indeed, the principle of systematic observation
of drug-induced symptoms using standardized obser-
vation criteria can be applied to a wide range of animal
species and even constitutes the basis of symptom
checklists in man. Every laboratory has its own manner
of doing the Irwin test. That described above is what
we have been practicing for over 20 years. ICH S7A
simply requires that animals be observed on
a systematic basis over a wide dose range. Alongside
variants of the Irwin procedure, ICH S7A mentions
another systematic observation procedure, the func-
tional observation battery (FOB) more recently
described by Mattson et al. (1996) as being function-
ally equivalent. This test, derived from classical toxi-
cology, is more specifically used for testing
neurotoxicity.
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Fig. 3.1 Synoptic presentation of effects of caffeine and diaz-
epam in the Irwin test in the rat. The clear differentiation
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Dose (mg/kg) Caffeine (8) Caffeine (16) Diazepam (4) Diazepam (8)
Observation time fé%%@@ﬁ fi’%%@%ﬁ ﬁ?%%@?gi f‘ﬁ%%@@ﬁ
Death

Convulsions

Tremor

Straub tail

Increased activity: marked
Increased activity: moderate
Increased activity: slight

Jumping

Increased reactivity to touch
Increased fear/startle

Increased abdominal muscle tone
Aggression

Excitation

Fore-paw treading

Head twitches

Stereotypies (head movements)
Stereotypies (chewing)
Stereotypies (sniffing)
Scratching

Stereotypy

[ | [ |
nr
. HEEN |

Catalepsy

Akinesia

Abnormal gait (rolling)
Abnormal gait (tip-toe)
Motor incoordination
Loss of balance

Loss of traction

Loss of grasping

Motor

Loss of righting reflex

Loss of corneal reflex

Decreased activity: marked
Decreased activity: moderate
Decreased activity: slight
Decreased reactivity to touch
Decreased fear/startle

Decreased abdominal muscle tone

Sedation

Writhing
Analgesia

Pain

Ptosis
Exophthalmia
Myosis *

Mydriasis *
Piloerection
Defecation/diarrhea
Salivation
Lacrimation

Autonomic

Increased respiration
Decreased respiration
Hypothermia *
Hyperthermia *

Other

measures

The color indicates the number of rats showing the symptoms (or the intensity for the symptoms with*).
Light grey: 1/2 (or slight), grey: 2/3 (or moderate) and black : 3/3 (or marked).
Observations were performed at 15, 30, 60, 120, 180 minutes and 24 hours after administration.
The symptoms which did not necessitate handling were also observed up to 15 minutes immediately following administration.
(*): evaluated by comparison of the mean scores obtained in treated and control animals.

activity of the two substances clearly appears in this modified
presentation of data

observed between stimulating and inhibitory effects on general
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Fig. 3.2 Effects of caffeine
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Example. Table 3.2 The profile of effects of diaze-
pam (p.o.) in the Irwin test in the rat. Note the dose-
dependent increase in decrease in general activity and
decreases in reactivity to touch, traction, and muscle
tone accompanied by abnormal gait

Observations were performed at 15, 30, 60, 120,
and 180 min and at 24 h after administration. The
symptoms which did not necessitate handling were
also observed up to 15 min immediately following
administration. Pupil diameter and rectal temperature
modifications were evaluated by comparison of the
mean scores obtained in treated and control animals.
Table 3.3 The profile of effects of caffeine (i.p.) in the
Irwin test in the rat. Note the dose-dependent occurrence

of increase in general activity followed by stereotypies
(sniffing, head movements, head twitches), increased
fear/startle, and reactivity to touch.

3.2.2 Activity Meter Test

PURPOSE/RATIONALE

Locomotor activity can be quantified in rodents by
a variety of means. The method described below uses
interruptions of photoelectric beams and is based on
studies from Boissier and Simon (1965). The difference
between Irwin estimations of drug effects on spontane-
ous activity and activity meter tests is mainly a question
of quantification. Activity meter tests are generally
carried out using automated apparatus with a larger
number of animals and are, therefore, less labor
intensive but permit more precise statistical analyses.
The quantitative data obtained enable the generation of
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Table 3.2 Effects of diazepam in the Irwin test in the rat

2 (mg/kg p.o.)
Abnormal gait (rolling)
(1/3) at 15’

4 (mg/kg p.o.)

| Activity

+(3/3) at 30’

+(1/3) at 60’ — 120°

Abnormal gait (rolling)
(2/3)at 0’ — 15’
(3/3) at 15> — 120°

Motor incoordination
2/3)at0’ — 15’
(3/3) at 15’

(1/3) at 30°

(3/3) at 60°
Stereotypies (sniffing)
(1/3) at 60°

Stereotypies (chewing)
(13)at0’ — 15°

(2/3) at 60°

Head movements

(1/3) at 60’

T Fearl/startle

(3/3) at 15°

| Abdominal muscle tone

(1/3) at 60’
Ptosis
(1/3) at 60’

Loss of traction
(2/3) at 15’
(1/3) at 30

Defecation/diarrhea
(1/3) at 30" — 60’

8 (mg/kg p.o.)

| Activity

+(1/3) at 15°

+(2/3) at 30°

+ (3/3) at 60’

+(1/3) at 120 — 180’
++ (1/3) at 30°
Abnormal gait (rolling)
(2/3)at0’ — 15°

(3/3) at 15> — 60’
(2/3) at 120”

(1/3) at 180’

Motor incoordination
(1/3)at 0’ — 15°

(3/3) at 15°

(1/3) at 30" — 120°

Loss of balance
(1/3)at0 — 15°

(1/3) at 30°
Stereotypies (chewing)
(1/3) at 15°

1 Altered respiration
(1/3)at 0’ — 15’
(1/3) at 30

| Fear/startle

(3/3) at 30°
(2/3) at 60°
(3/3) at 120°

| Abdominal muscle tone

(1/3) at 15° — 60’
Ptosis
(1/3) at 120°

Loss of traction
(2/3) at 15’

(1/3) at 30°

(2/3) at 60’

(1/3) at 120’
Defecation/diarrhea
(1/3) at 60’

N = 3 for each treatment group; + = slight; ++ = moderate; +++ = marked; () = minutes

dose-response curves and more precise estimations of

PROCEDURE
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16 (mg/kg p.o.)

1 Activity

+(2/3)at 15 — 60
+ (3/3) at 180”

++ (1/3) at 15° — 60’
++ (2/3) at 120°

Abnormal gait (rolling)
(3/3) at 0’ — 120°

Motor incoordination
(1/3)at0’ — 15’
(3/3) at 15 — 60’
(1/3) at 120’

Stereotypies (chewing)
(3/3)at 0’ — 15°

| Altered respiration
(3/3) at 60°

| Fear/Startle
(3/3) at 30’

| Abdominal muscle
tone

(3/3) at 15* — 60’

Ptosis

(3/3) at 60’

Loss of traction
(2/3) at 15°

(1/3) at 30°’— 60’
Defecation/diarrhea
(2/3) at 15°

(1/3) at 60’

Mydriasis
+at 15’

the minimal effective dose (MED) or the dose which The activity meter we use (Imetronic, Bordeaux, France)

increases or decreases locomotion by 50% (ED50).

consists of 16 covered Plexiglas cages (40 x 25 x 25 cm)
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Table 3.3 Effects of caffeine in the Irwin test in the rat

2 (mg/kg i.p.)
No change

contained within a darkened enclosure and connected to
silent electronic counters. Each cage is equipped with
four photocell assemblies (two at each end of the cage)
3 cm above the floor to measure the number of

4 (mg/kg i.p.)

T Activity

+(3/3) at 15°

+ (1/3) at 30°
Stereotypies (sniffing)
(3/3) at 15

(2/3) at 60

1 Fearl/startle

(3/3) at 15

T Reactivity to touch
(1/3) at 15

(1/3) at 60

8 (mg/kg i.p.)

T Activity

+(3/3) at 30" — 60’
+(2/3) at 120°

1 Fearl/startle

(2/3) at 15

(3/3) at 30" — 60°
(1/3) at 180°

Hyperthermia
++ at 120’
+ at 180’

16 (mg/kg i.p.)
Tremor
(1/3) at 30°

T Activity

+(3/3) at 15°
+(3/3) at 180°
++ (3/3) at 30°
+++ (3/3) at 60°
+++ (3/3) at 120
Jumping

(2/3) at 60’

Loss of balance
(1/3) at 15°

Stereotypies (sniffing)
(3/3) at 15> — 180°
Stereotypies (head movements)
(3/3) at 15> — 60’
(2/3) at 120’

Head twitches

(1/3) at 15°

(2/3) at 60’

(1/3) at 120°

T Respiration

(3/3) at 30’ — 120°

Aggression

(3/3) at 30" — 120°
(2/3) at 180’

1 Fear/Startle

(3/3) at 15> — 60’
(3/3) at 180’

T Reactivity to touch
(3/3)at 15> — 24 h
Exophthalmos
(1/3) at 15°

(3/3) at 30°
Akinesia

(1/3) at 15°

(1/3) at 60’

Myosis

+at 30°
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32 (mg/kg i.p.)
Straub tail
3/3)at 0’ — 15°

T Activity

+(3/3) at 15’

+(3/3) at 60’ — 120’
++ (3/3) at 30°

Stereotypies (writhing)
(1/3)at 0’ — 15°
Stereotypies (sniffing)
(2/3) at 30°

(1/3) at 60’ — 120’
Head twitches

(1/3) at 30’

1 Fear/Startle

(3/3) at 15°

(2/3) at 30" — 120°
T Reactivity to touch
(2/3) at 15°

T Muscle tone
(2/3) at 30°
(1/3) at 60’
Exophthalmos
(3/3) at 15°

Loss of grasping
(1/3) at 15°
(3/3) at 30°
Akinesia

(3/3) at 30°
Loss of traction
(1/3) at 15°

movements by each animal (one per cage) in the hori-
zontal plane. Ten additional photocell assemblies are
placed at even intervals 20 cm above the floor along the
long wall to record rearing. The number of (horizontal)
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crossings by each animal (one per cage) from one pair of
photocells to the other at the extremities of the cage is
recorded by computer at 10-min intervals for 40 min.
A similar procedure is utilized for recording of rearing,
except that individual photobeam breaks are recorded.
The scores are cumulated over the (1) 0-20-min period,
(2) 20—40-min period, and (3) entire 40-min observation
period.

Ten rats are studied per group. The test is performed
blind.

The test substance is usually evaluated at four
doses, administered p.o. 60 min before the test, and
compared with a vehicle control group.

Caffeine (24 mg/kg p.o.) and chlorpromazine
(16 mg/kg p.o.), administered under the same experi-
mental conditions, are used as reference substances.

The basic experiment therefore includes seven groups.

EVALUATION
The basic measure taken is the global effect of the test
substance over the whole measurement period. More
detailed information can be obtained by analyzing the
drug effects over sequential time slots, for example,
every 10 min. For example, some drugs (diazepam,
nicotine) attenuate high activity levels (first 10 min)
but increase low levels (last 10 min). Further analyses
can compare the effects of the test substance on rearing
with its effects on locomotion within the enclosure.
Finally, comparison of single photobeam interruptions
with paired interruptions of the beams at each end of
the enclosure can permit distinctions between drug
effects on small and large movements.

The data are usually analyzed using Student’s
t tests.

CRITICAL ASSESSMENT OF THE METHOD

Locomotion tests estimate whether a test substance
possesses psychostimulant or sedative activity, but
the data obtained must be interpreted with caution.
Locomotion can be decreased not only because the
animals are sedated but also because the animals
have drug-induced motor impairment or are otherwise
debilitated by the test substance. Even substances with
marked psychostimulant properties can decrease activ-
ity meter scores because the animals are rotating rap-
idly in a small space or are showing other stereotyped
behaviors. It is therefore unwise to interpret activity
meter scores in isolation from direct observation

V. Castagné et al.

(Irwin test above) or measures of neuromuscular coor-
dination (rotarod test below).

Another complication with activity meter tests is
the phenomenon of habituation. All animals placed in
an unknown environment will tend to explore it more
at the beginning of the exposure with a decline in
exploration with time. This can be clearly seen in
most activity meters despite the apparent simplicity
of the test environment. Thus, when locomotion is
followed over sequential time slots, an apparent
increase or decrease in drug effect over time cannot
simply be interpreted as a change in its pharmacolog-
ical activity. The substance may be interacting with the
process of habituation. It is for this reason that activity
meters are not the ideal means of measuring the dura-
tion of drug action.

Because the activity meter evaluates spontaneous
behavior, the behavioral baseline is intrinsically vari-
able and subject to many kinds of influence, including
lighting, apparatus cleanliness, ambient temperature,
noise level, and even time of day. As a consequence,
particular care has to be taken to ensure constant
experimental conditions to obtain reproducible results.
Furthermore, when comparing different drug treat-
ments, it is important to take advantage of the fact
that several animals can be evaluated simultaneously,
by distributing the different treatments in a balanced
fashion over the test period, and even in the positions
within the experimental apparatus or of the observation
chambers in the experimental room.

MODIFICATIONS TO THE METHOD
Locomotor activity can be quantified in rodents by
a variety of means, including interruptions of photo-
electric beams, activity wheels, changes in electromag-
netic fields, Doppler effects, video image analysis,
telemetry, or detection of vibrations generated by the
animals (Reiter and McPhail 1979; Lynch et al. 2011).
As has been suggested above, it is not very important
how locomotion is measured because the main out-
come measure is whether a test substance increases
or decreases spontaneous locomotion.

More important is the time at which a test substance
is administered in relation to placing the animal in the
activity meter. Because of potential interactions of the
test substance with the process of habituation, we think
it is important to start testing when the drug effect has
had time to reach its maximum, i.e., a certain interval
after drug administration. If the animal is treated and
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immediately placed in the activity meter, the kind of
drug effect observed may critically depend on the
interaction of the onset of drug action with the habitu-
ation process.

Another procedural variant, aimed to minimize the
role of habituation, is to prehabituate the animal to the
environment before administering the test substance.
In this ways, it is hoped to assess drug action on “base-
line” behavior in already habituated animals. This
approach appears to be a reasonable one but consider-
ably increases the time and costs for conducting the
test. Furthermore, there are cases where drug effects
are dramatically attenuated in prehabituated animals.
In particular, this approach is much less sensitive to
drug-induced decreases in motor activity.

References and Further Readings
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spontanée de la souris. Arch Int Pharmacodyn
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Toxicol 1:53-66

Example (See Fig. 3.2).

3.2.3 Rotarod Test

PURPOSE/RATIONALE

Locomotor coordination is most commonly assessed
using a rotarod (Dunham and Miya 1957). The rotarod
consists of a circular rod turning at a constant or increas-
ing speed. Animals placed on the rod will naturally try
to remain on the rod rather than fall onto a platform
some 30 cm below. This test therefore provides an
estimate of the animal’s level of neuromuscular coordi-
nation. Drugs which are known to perturb neuromuscu-
lar coordination (e.g., benzodiazepines) clearly reduce
the time the animals stay on the rod.

This test lends itself readily to automation with
several animals being tested simultaneously on the
same rod, each animal being separated by vertical
barriers.
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PROCEDURE

3.2.3.1 Habituation

Rats are placed on a rod (diameter 7 cm) rotating at
a speed of 12 revolutions per minute for a 2-min
period. If they fall off during this period, they are
replaced on the rod. At the end of the habituation
period, rats are placed on the rod under the same
conditions as used during the test session (i.e., for
a maximum of 3 min) and are not replaced on the
rotarod if they fall off.

3.2.3.2 Test

The test session is performed at least 2 h after the
habituation period. Rats are placed on the rotarod for
a maximum period of 3 min. The number of animals
which fall off before the end of this period is counted,
and the latency to fall off is recorded (maximum
3 min).

Ten rats are studied per group. The test is performed
blind.

The test substance is usually evaluated at four
doses, administered p.o. 60 min before the test, and
compared with a vehicle control group.

Diazepam (8 mg/kg p.o.), administered under the same
experimental conditions, is used as reference substance.

The basic experiment therefore includes six groups.

EVALUATION

Two basic measures are taken, the number of animals
per group which fall off the rod within the 3 min test
and the drop-off times. The quantal data (number of
animals falling) are analyzed using Fisher’s exact
probability test. The quantitative data (drop-off
times) are analyzed using Student’s ¢ tests.

CRITICAL ASSESSMENT OF THE METHOD
The rotarod test is one of the oldest used in the behav-
ioral assessment of drug action (Rustay et al. 2003). It
provides a simple first estimation of whether a test
substance has any effect on neuromuscular coordina-
tion and has been found sensitive to a variety of agents
which are known to disturb it, for example, the
benzodiazepines.

When preceded by the habituation procedure
(described above), the test is very reliable and reproduc-
ible. Generally speaking, the doses impairing rotarod
performance are higher than those affecting locomotor
activity, except for drugs having particular effects on
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motor coordination (notably, the benzodiazepines).
Furthermore, in contrast to the activity meter test, the
rotarod test is not particularly sensitive to environmental
factors such as lighting, ambient temperature, or noise.
This is no doubt due to the fact that the test imposes
a behavior on the animal (staying on the rod), where the
consequences of falling are mildly aversive.

On the other hand, the rotarod test can be consid-
ered only as an initial screen for neuromuscular
impairment. More complex tests, for example, ana-
lyses of gait, are required to further understand the
motor aspects, whereas electrophysiological proce-
dures, for example, the electromyogram (EMG), are
required for better understanding the neuromuscular
aspects.

In contrast to most of the other core battery CNS
tests, the rotarod is mainly unidirectional, detecting
principally the capacity of substances to decrease neu-
romuscular coordination. On the other hand, this is not
a serious limitation in that the risk factor evaluated is
whether the test substance causes impairment. When
used in conjunction with locomotor activity tests, the
rotarod test provides a useful quantification of the
margin of safety between doses of test substances
which alter spontaneous activity and those which
disturb motor function.

MODIFICATIONS TO THE METHOD

The sensitivity of the rotarod test can be increased by
placing animals on a rod turning at an accelerating
speed to measure the latency to fall (Bohlen et al.
2009). This procedure has been shown to provide
a more graduated assessment of the motor-impairing
effects of various anticonvulsants and benzodiazepines
(Capacio et al. 1992).
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Fig. 3.3 Effects of diazepam (p.o.) on rotarod performance in
the rat. Administrations were performed 60 min before the test.
*Different from vehicle control
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Example (See Fig. 3.3).

3.2.4 Convulsive Threshold Tests

PURPOSE/RATIONALE

Tests for the convulsive threshold estimate whether
a test substance induces changes in the probability of
convulsions occurring either spontaneously or, more
importantly, in association with other treatments
(Lynch et al. 2010). Although overt convulsions can
usually be detected using the Irwin procedure,
proconvulsant activity can occur in the absence of
overt convulsions and therefore needs to be evaluated
in specific tests. The existence of anticonvulsive activ-
ity is less dramatic as a risk factor. Nonetheless,
as suggested in the “General Considerations” above,
such activity might be an indicator of potential cogni-
tive disturbance. There is therefore a need, in CNS safety
pharmacology, to include procedures which assess
changes in the convulsive threshold in both directions.
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Described below are two procedures whereby con-
vulsions are induced either electrically (ECS threshold
test), following Swinyard et al. (1952), or chemically
(PTZ seizure test), following Krall et al. (1978). We
recommend using two methods for inducing convul-
sions because of considerable past experience showing
that congruent findings are not always obtained
between the two methods. In terms of predictability,
it seems important to obtain coherent findings between
different means of inducing convulsions before con-
cluding as to the presence or absence of risk.

PROCEDURES

3.2.4.1 ECS Threshold Test

Rats are administered ECS (rectangular current, 1.5 s,
200 Hz) via earclip electrodes connected to a constant
current shock generator (Ugo Basile Type 7801).

Treatment groups of 20 rats are exposed to ECS as
follows:

Animal n°1 is exposed to 30 mA of ECS. If animal
n°1 does not convulse (tonic convulsions) within 5 s
maximum, animal n°2 is exposed to 35 mA, with
increases of 5 mA until the first tonic convulsion is
observed. Once the first tonic convulsion is observed,
the intensity of ECS is decreased by 2 mA for the
next animal, and then the intensity is decreased or
increased by 2 mA from animal to animal, depending
on whether the previous animal convulses or not. If
animal n°1 does convulse (tonic convulsions) within
5 s maximum, animal n°2 is exposed to 25 mA,
with decreases of 5 mA until the absence of tonic
convulsions is observed. At this point, the intensity of
ECS is increased by 2 mA for the next animal, and then
the intensity is decreased or increased by 2 mA
from animal to animal, depending on whether the
previous animal convulses or not. The minimum
intensity given is 5 mA, and the maximum intensity
given is 95 mA.

The first five animals, which serve to identify the
threshold current, are not included in the analysis.

The results are represented as the mean current
intensity administered to the final 15 animals of
a group and as the percent change from control values.

The test is performed blind.

A positive percent change indicates an anticonvul-
sant effect. A negative percent change indicates
a proconvulsant effect.
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The test substance is usually evaluated at four
doses, administered p.o. 60 min before ECS, and com-
pared with a vehicle control group.

Theophylline (128 mg/kg p.o.) and diazepam
(16 mg/kg p.o.), administered under the same experi-
mental conditions, are used as reference substances.

The basic experiment therefore includes seven
groups.

3.2.4.2 PTZ Seizure Test

Rats, placed in individual Makrolon cages (25 x 19 x
13 cm), are injected with PTZ (75 or 100 mg/kg s.c.).
The occurrence and latency of clonic convulsions,
tonic convulsions, and deaths are noted over a 30-min
period.

The results for the number of convulsions and
deaths are also represented as percent change from
control.

Twenty rats are studied per group. The test is
performed blind.

The test substance is usually evaluated at four
doses, administered p.o. 60 min before PTZ, and com-
pared with a vehicle control group.

Theophylline (128 mg/kg p.o.) or diazepam (16 mg/
kg p.o.), administered under the same experimental
conditions, is used as the reference substance.

The basic experiment therefore includes six groups.

EVALUATION
ECS, if sufficiently intense, induces immediate full
clonic-tonic convulsions but only occasionally death.
In contrast, with PTZ, clonic convulsions can be
observed without necessarily being followed by tonic
convulsions. On the other hand, when tonic convulsions
occur, they are almost invariably followed by death.

With the ECS procedure, the primary measure is the
mean electroshock intensity administered per group of
20 animals. If less current is required to induce
a clonic-tonic convulsion after a particular treatment,
this is reflected by a decrease in the mean intensity
administered (proconvulsant effect). Conversely, if
more current is required to induce a clonic-tonic con-
vulsion, this is reflected by an increase in the mean
intensity (anticonvulsant effect). In other words, the
mean intensity administered is a direct representation
of the electroconvulsive threshold.

With the PTZ procedure, pro- or anticonvulsant
activity is indicated both by the frequency of the con-
vulsant events (clonic convulsions, tonic convulsions,
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deaths) and by their latency of occurrence. The cut-off
time is indicated when a test substance completely
blocks convulsions.

The ECS threshold procedure permits the assess-
ment of both pro- and anticonvulsant activity within
a single experiment. To evaluate proconvulsant risk in
the PTZ test, a moderate dose of PTZ (75 mg/kg) is
used to induce clonic and tonic convulsions in half the
control animals and is validated by showing
a significant difference with animals treated with the-
ophylline. Conversely, for evaluating anticonvulsant
activity, a higher dose of PTZ (100 mg/kg) is used to
induce convulsions in all control animals. The exper-
iment is validated with diazepam which completely
suppresses convulsions.

In both procedures, quantitative data (mean shock
intensity, latencies) are analyzed using ANOVA followed
by planned post hoc comparisons, as appropriate. In the
PTZ procedure, quantal data (number of occurrences) are
analyzed using Fisher’s exact probability test.

CRITICAL ASSESSMENT OF THE METHOD
It is generally accepted that there is a good correlation
between potentiation or antagonism of experimentally
induced convulsions in animals and effects observed
in man (Kupferberg 2001). Most substances with
antiepileptic properties in man antagonize experimental
convulsions, whereas many substances which either
induce convulsions or lower the convulsive threshold in
man (certain CNS stimulants, some antipsychotics)
show similar effects in animals. There are nonetheless
differences in the efficacy of certain substances in antag-
onizing experimental convulsions. Drugs, identified by
ECS generally act by modulating voltage-dependent
sodium channels, whereas drugs identified by PTZ gen-
erally have a benzodiazepine-like mode of action, poten-
tiating the inhibitory effects of GABA (Loscher 2002).
The existence of such differences is an argument for
employing at least two different methods in a core
battery for evaluating drug effects on the convulsive
threshold. If signs of risk are apparent, further models
can be employed to establish either the mechanism or
the anatomical locus in the brain. To establish mecha-
nisms, use can be made of different convulsive agents
(strychnine, bicuculline, picrotoxin, NMDA). As far as
anatomical locus is concerned, the kindling model can
be used with recordings taken from different brain
regions (amygdala, temporal lobe, hippocampus, pre-
frontal cortex) to establish the development and
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regional distribution of the convulsive phenomena
(Ebert et al. 1997). The simple EEG trace recording
from the cortex is also useful for identifying the exis-
tence of convulsive brain phenomena at doses inducing
no overt behavioral effects. Signals from the cortex are
sometimes recorded in parallel with the electromyo-
graphic techniques or by observation of the behavior of
animals by video EEG to compare the changes in brain
activity with the intensity of the overt seizure.

MODIFICATIONS TO THE METHOD
The ECS method described above involves titration of
the shock level between successive test animals to
determine the mean intensity required to induce con-
vulsions after different treatments. This procedure rep-
resents a variant of the more habitual procedure where
a set level of ECS is selected to induce convulsions in
100% of the animals (maximal electroshock). Another
variant would be to select a low electroshock level
(subconvulsant) to detect proconvulsant activity. In
addition to evaluating both pro- and anticonvulsant
activity within a single test, the present method pos-
sesses the advantage of generating quantitative data
(mean intensity) as opposed to quantal data (frequen-
cies), permitting more powerful statistical analyses.
Another ECS method evaluates the intensity needed
to induce tonic convulsions in different groups of ani-
mals challenged with electroshocks of preselected inten-
sities inducing seizures in 10-30%, 30-50%, 50-70%,
and 70-90% of the animals. The median current strength
(CS50) represents the current intensity required to
induce tonic hind limb extension in 50% of animals.
The intravenous PTZ infusion seizure test is
a modified version of the PTZ test and can be used to
assess proconvulsant drug activity (Loscher 2009).
The dose of PTZ needed to induce convulsions is
determined for each animal. This test provides
a sensitive parametric method for assessing seizure
threshold in individual animals (White et al. 2008).
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Examples (See Figs. 3.4, 3.5).

3.2.5 Barbital Interaction Test

PURPOSE/RATIONALE

Although not included in the ICH S7A core battery,
simple tests evaluating the interaction between test
substances and hypnotics can usefully be included in
a CNS core battery. The additional expense is minimal,
whereas such procedures provide useful information
not provided by the other tests. For example, several
substances with psychostimulant activity (caffeine,
modafinil) induce frank signs of increase in general
activity at higher doses, whereas this kind of activity

Intensity (mA)
100 -
80 A
O Vehicle control
60 - O Theophylline
(128 mg/kg)
40 1 m Diazepam
s (16 mg/kg)
20 .
0 1

Fig. 3.4 Effects of theophylline and diazepam (p.o.) on the
mean shock intensity required to induce tonic convulsions fol-
lowing ECS in the rat
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can be detected at lower doses when tested by interac-
tion with a barbiturate. Similarly, sleep-enhancing
effects can be readily detected in barbiturate interac-
tion procedures by many substances, for example, ben-
zodiazepines and antipsychotics, which do not induce
sleep even at very high doses when administered alone.
Thus, interaction tests with barbiturates can serve to
unmask stimulant or sedative activity not otherwise
readily apparent. Furthermore, there is a high correla-
tion between the effects observed in such procedures
and those observed in more complex tests and in man.

A further consideration is which barbiturate to
employ. We recommend the use of barbital because
this substance, in contrast to many other barbiturates,
undergoes no metabolism (Remmer 1972; Simon et al.
1992). For this reason, results obtained can be more
readily interpreted in terms of a pharmacological inter-
action without confounding by pharmacokinetic or
metabolic factors.

PROCEDURE

Rats, placed in individual Makrolon cages (25 X
19 x 13 cm), are injected with barbital sodium
(150 mg/kg i.p.). The latency to sleep and the duration
of sleep (maximum 6 h after barbital injection) are then
recorded. Sleep is indicated by loss of the righting

Number of rats showing signs
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18 O Clonic convulsions
16 — O Tonic convulsions
B Deaths
14
12
10
8
6
4
2
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0
Vehicle Theophylline  Diazepam
(128 mg/kg) (16 mg/kg)

Fig. 3.5 Effects of theophylline and diazepam (p.o.) on the
number of clonic convulsions, the number of tonic convulsions,
and the number of deaths induced by PTZ in the rat
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reflex. To avoid disturbing the experiment, no righting
reflex test is performed before 50 min has elapsed
after Dbarbital injection (i.e., minimum sleep
latency = 50 min).

Ten rats are studied per group. The test is performed
blind.

The test substance is usually evaluated at four
doses, administered p.o. 60 min before barbital, and
compared with a vehicle control group.

Caffeine (16 mg/kg p.o.) and diazepam (8 mg/kg
p-0.), administered under the same experimental con-
ditions, are used as reference substances.

The basic experiment therefore includes seven groups.

EVALUATION

Barbital at 150 mg/kg i.p. induces sleep in 100% of the
animals. The two principal parameters measured are
the latency to sleep and the duration of sleep which are
analyzed for statistical significance using Student’s ¢
tests. In addition, the number of animals sleeping is
counted, and differences from control are then ana-
lyzed using Fisher’s exact probability test.

A statistical problem arises when the test substance
completely blocks sleep in some of the animals. In
such cases, we recommend that parametric statistics
be applied to the latency and duration data as long as
a minimum of four animals show sleep, to avoid score
bias by inclusion of floor and ceiling effects.

CRITICAL ASSESSMENT OF THE METHOD
For the reasons given in the “Purpose/Rationale” sec-
tion above, barbiturate interaction tests yield useful
information not readily provided by the other proce-
dures in the core battery. Furthermore, the data
obtained are highly correlated with results that could
be expected in man. To our knowledge, no sleep-
enhancing agent used in man has been found inactive
in a barbiturate interaction procedure. Conversely, no
clinically known enhancer of wakefulness, for exam-
ple, caffeine, amphetamine, and modafinil, has failed
to reduce or abolish barbiturate-induced sleep. Poten-
tial to cause drowsiness, as is observed with many
antihistamines, is also clearly picked up in barbiturate
interaction procedures as are the potential sedative
effects of a variety of antipsychotics. The procedure
therefore possesses high predictive validity.

On the other hand, this procedure does not provide
information about drug effects on the components of
sleep, for example, paradoxical versus slow-wave
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sleep, or on the cyclical changes which can occur
during natural sleep over longer periods (24 h).

Although procedurally simple, barbiturate interac-
tion procedures are extremely subject to small envi-
ronmental changes (lighting, ambient noise and
temperature, time of day) and therefore have to be
performed under particularly highly controlled
conditions to yield reproducible results.

MODIFICATIONS TO THE METHOD

Being one of the long-time standards in basic psycho-
pharmacology, there are few major variants to the
procedure apart from the kind of barbiturate employed.
Several undergo clear hepatic metabolism, for
example, pentobarbital and phenobarbital, thereby
confounding interpretations because of pharmacoki-
netic and metabolic factors. Indeed, one modification
of the method has been specifically employed to esti-
mate enzyme induction in the liver, as indicated by
more rapid barbiturate metabolism. Animals given
a preexposure to a test substance are then exposed to
a standard dose of phenobarbital (80 mg/kg i.p.) 24 h
later and assessed for sleep duration. The presence or
absence of a decrease in sleep duration is taken as an
index of the hepatic enzyme induction produced by the
test substance (Kushikata et al. 2003).

References and Further Readings
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Example (See Fig. 3.6).

3.2.6 Hot Plate Test

PURPOSE/RATIONALE

The hot plate test (Eddy and Leimbach 1953) is a simple
behavioral screen for estimating the effects of test sub-
stances on the threshold for pain sensitivity. It is based
on the principle that rodents, placed onto a hot surface,
will demonstrate the aversive effects of the stimulation
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Fig. 3.6 Effects of diazepam
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first by licking their paws and subsequently by clear
attempts to escape the situation (jumping). Substances
changing the nociceptive threshold will either increase
the latency to licking/jumping (analgesic effect) or
decrease it (hyperalgesic effect).

PROCEDURE

Rats are placed onto a hot metal plate maintained at
52°C surrounded by a Plexiglas cylinder (height
26 cm; diameter 19 cm) (Apelex Model DS37). The
latency to the first foot lick is measured (maximum
30 s).

Ten rats are studied per group. The test is performed
blind.

The test substance is generally evaluated at four
doses, administered p.o. 60 min before the test, and
compared with a vehicle control group.

Morphine (128 mg/kg p.o.), administered under the
same experimental conditions, is used as reference
substance.

The basic experiment therefore includes six groups.

EVALUATION
The principal parameter assessed in the hot plate test is
the latency to the first paw-lick response.

Data are analyzed for statistical significance using
Student’s ¢ tests.

CRITICAL ASSESSMENT OF THE METHOD

The hot plate test is one of the most frequently
employed screens for evaluating the nociceptive
threshold. It is reliable and reproducible and remains
robust in the face of moderate environmental varia-
tions. Most known analgesic substances show

analgesia in the method which can therefore be con-
sidered as possessing a reasonable predictive validity.
On the other hand, moderate analgesics, in particular
those with a primarily anti-inflammatory profile (aspi-
rin, paracetamol, ibuprofen), show less marked effects
than major analgesics such as the opioids.

Of the two parameters measured (foot licking,
jumping), foot licking appears more sensitive to the
analgesic properties of test substances, whereas
decreases in jumping can often reflect their locomotor
effects. Other screening tests, for example, chemically
induced writhing (phenyl benzoquinone, acetic acid),
although revealing analgesic activity at lower doses,
are sensitive to a wider range of substances and there-
fore yield more false positives.

The search for hyperalgesic effects is more delicate
because standard drugs which cause hyperalgesia are
rare and more difficult to demonstrate because of the
particular conditions of administration required, for
example, topical administration of capsaicin
(Yoshimura et al. 2000).

The hot plate procedure possesses an advantage
over other methods of thermal stimulation, for exam-
ple, the tail-flick procedure (d’Amour and Smith
1941), in that it can be applied repeatedly in the same
animals over a short period of time (2-3 h) without
causing tissue injury, particularly if the maximum
observation duration is 30 s. The hot plate procedure
also constitutes a more global estimate of nociceptive
reactivity because it represents a complex willed
behavior rather than a simple reflex like the tail flick.

MODIFICATIONS TO THE METHOD
Different hot plate temperatures have been used, vary-
ing from 48°C to 58°C. Lower temperatures are in
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principle more useful for detecting hyperalgesic activ-
ity. Although consistent with ethical requirements for
decreasing pain, lower temperatures produce more var-
iable responding and therefore require more animals to
obtain statistically reliable data. A better way of satis-
fying the ethical requirement is to reduce the total pos-
sible duration of the test session. We have found that
30 s is largely sufficient to obtain measurable changes in
the foot-licking latency in both directions.

Higher temperatures, although producing less vari-
able data, reduce the range of analgesics which can be
detected. The analgesic activity of most opioids can
almost always be detected, but not milder analgesic
activity of agents such as salicylates.

In addition to foot-licking latency, another parame-
ter frequently measured is the latency to jumping
attempts to escape from the apparatus. Jumping is
less selective as analgesic parameter because it can
be influenced by substances without known analgesic
activity, but which cause either locomotor stimulation
or inhibition, for example, antipsychotics. In our own
procedure, with a 30-s cut-off, jumping is not reliably
observed during the observation period under control
conditions and is, therefore, not a useful parameter.
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Example (See Fig. 3.7).

3.3 Supplementary CNS Studies

Supplementary CNS safety studies are more complex
procedures, investigating test substance effects on their
potential to cause drug dependence/abuse, cognitive
processes, or electrophysiological brain activity. The
following section is therefore divided into three sub-
sections dealing with these different areas. As for the
core battery studies described above, an essential
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Fig. 3.7 Effects of morphine p.o. in the hot plate test in the rat.
Administrations were performed 60 min before the test. *Differ-
ent from vehicle control

aspect of CNS supplementary studies is that they are
all performed in vivo, in the intact freely moving
animal.

3.3.1 Drug Dependence and Abuse
Another subject, clearly within the notion of safety, is
the assessment of a novel substance’s potential to be
abused or to induce dependence (Moser et al. 2011b).
Although dependence and abuse frequently occur
together, they are not synonymous (Balster 1991).
Drug dependence, as its name implies, refers to the
inability of the dependent individual to function nor-
mally in the absence of drug. Dependence can be both
physical and psychological and is defined by the emer-
gence of withdrawal either upon administration of an
antagonist or upon discontinuation of drug treatment.
Psychological dependence is indicated by drug-
seeking behavior (e.g., craving) that can occur even
after long periods of abstinence, whereas physical
dependence is demonstrated more objectively by
signs ranging from changes in body temperature to
life-threatening conditions such as status epilepticus
or delirium tremens. Abuse, on the other hand, refers
to misuse or overuse of a drug and is indicated
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behaviorally by drug seeking and drug taking, many
times in the absence of any evidence for physical
dependence. The difference between dependence and
abuse can be illustrated pharmacologically. For exam-
ple, drugs such as heroin and alcohol are widely
abused, and often their abuse is associated with marked
physical and psychological dependence. On the other
hand, marijuana and LSD are commonly abused, but
typically under conditions where neither physical nor
psychological dependence is apparent.

Studies assessing dependence or abuse liability are,
in principle, required only for drugs acting on the
CNS. Candidates for particular attention are
psychostimulants, nicotinics, certain kinds of antide-
pressants, anxiolytics, sedative-hypnotics, and analge-
sics. Drugs with psychotomimetic potential also
require evaluation, whereas antipsychotic agents are
virtually never abused. Safety studies for abuse/depen-
dence liability are rare for substances without CNS
activity, although peripherally acting analgesics
might also have to come under scrutiny.

The following section will describe protocols for
evaluating both dependence and abuse. For reasons of
homogeneity with the other procedures presented
above, only protocols in the rat will be presented.
Although results in the rat are generally similar to
those obtained in nonhuman primates, the regulatory
authorities, in particular the FDA, prefer primate stud-
ies for abuse evaluation because of a presumed
increased predictability to man. The active doses and
pharmacokinetics are likely to be closer between
human and nonhuman primates, as are the kinds of
overt behavioral effects observed.

References and Further Readings

Balster RL (1991) Drug abuse potential evaluation in animals.
Brit J Addiction 86:1549-1558

Moser P, Wolinsky T, Duxon M, Porsolt RD (2011b) How good
are current approaches to nonclinical evaluation of abuse and
dependence? J Pharmacol Exp Therap 336:588-595

3.3.1.1 Drug Dependence

Tests for drug dependence consist mainly of repeated
treatment studies, followed by drug withdrawal, where
withdrawal symptoms occur either spontaneously
(nonprecipitated withdrawal) or after administration
of specific antagonists, for example, naloxone (opi-
oids) or flumazenil (benzodiazepines). Precipitated
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withdrawal tests are usually the most sensitive and
require only very short periods of drug administration
for demonstrating withdrawal phenomena. Clear
jumping can be induced in mice by administration of
the p-opioid antagonist naloxone after as few as five
pretest administrations of low doses of morphine
(Saelens et al. 1971). Similarly, a decrease in the
convulsive threshold can be induced by administration
of the benzodiazepine antagonist flumazenil after as
few as two benzodiazepine administrations (von
Voigtlander and Lewis 1991). The relationship
between these measures of “acute dependence and
withdrawal” and the dependence and withdrawal that
emerge after extended periods of drug treatment
followed by discontinuation of treatment are far from
clear. Because such acute tests might be less indicative
of dependence potential than of a particular mecha-
nism of action or affinity for a receptor, they will not be
discussed further here.

References and Further Readings
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Nonprecipitated Withdrawal Test
PURPOSE/RATIONALE

The aim of nonprecipitated withdrawal procedures is
to evaluate whether sudden cessation of drug treatment
is associated with the occurrence of identifiable with-
drawal symptoms. The kinds of symptoms examined
are changes in food intake, body weight gain, body
temperature, and the occurrence of one or more overt
behavioral and other symptoms, for example, tremor,
teeth chattering, wet dog shakes, diarrhea, or
piloerection. The occurrence of such signs is a first
indication that the test substance induces drug depen-
dence after repeated administration. An important
advantage of nonprecipitated withdrawal procedures
is that they can be used to evaluate a wide variety of
substances, including those for which specific antago-
nists are not available.
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More specific procedures can be employed to assess
whether drug withdrawal induces changes in fearfulness,
pain sensitivity, convulsive threshold, or even memory.
On the other hand, it is frequently difficult to demonstrate
effects on these parameters and the tests involved are
particularly time-consuming. The procedure described
below represents an initial screen which has been shown
to be sensitive to several dependence-inducing drugs such
as opioids and benzodiazepines (Goudie et al. 1993).

Whereas many CNS safety tests evaluate multiple
doses, we recommend the inclusion of just two doses for
nonprecipitated withdrawal studies. The low dose
should be close to those inducing clear effects in the
test predictive of the substance’s therapeutic indication.
The high dose should be the maximally tolerated dose as
determined, for example, from an Irwin test. If it can be
shown that the test substance can be repeatedly admin-
istered at a maximally tolerated dose under conditions
where similar treatment with an appropriately chosen
reference substance induces clear withdrawal signs,
areasonable conclusion would be that the test substance
is unlikely to cause physical dependence.

PROCEDURE

Rats receive twice daily administrations of the test
substance for 20 days (with the last administration on
day 20 at about 10:00) and are then subjected to an
8-day observation period without drug treatment dur-
ing which they are observed for changes in food con-
sumption, body weight, and rectal temperature. In
addition, they are observed for behavioral and physio-
logical manifestations (e.g., jumping, tremor, hyperac-
tivity, excessive grooming, and diarrhea). During the
pretreatment phase, different groups of animals
receive the test substance at two doses and are com-
pared with a vehicle-treated control group.

Twelve animals are studied per group. The test is
performed blind.

Morphine (32 mg/kg i.p. or 64 mg/kg p.o.), cocaine
(32 mg/kg i.p.), chlordiazepoxide (64 mg/kg p.o.), or
diazepam (16 mg/kg i.p.) can be used as the reference
substance.

The experiment includes a control group pretreated
with the vehicle twice daily for 20 days.

EVALUATION
Before assessing withdrawal effects in the absence of
the test substance, it is important to assess the intrinsic
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effects of the test substance, to see whether repeated
treatment itself influences the parameters observed.
Body weight, food consumption, body temperature,
and the occurrence of behavioral and physiological
manifestations are therefore observed during the last
3 days of drug treatment. Changes occurring after
cessation of drug treatment can thus be more accu-
rately assessed in relation to the drug effects them-
selves. Although we recommend doing most
behavioral tests blind, this is particularly important
for the present procedure where many of the behavioral
parameters are assessed subjectively.

Differences from control are evaluated on a day-by-
day basis using nonpaired Student’s ¢ tests.

CRITICAL ASSESSMENT OF THE METHOD
The nonprecipitated withdrawal procedure represents
a first screen for possible induction of drug dependence
and has been shown to be sensitive to withdrawal
effects with a variety of dependence-inducing agents
including amphetamines, cocaine, opioids, and benzo-
diazepines. It therefore possesses face validity. On the
other hand, it is remarkably difficult, under the condi-
tions of the protocol described, to show signs of with-
drawal after treatment with agents such as nicotine or
9-tetrahydrocannabinol (THC) (unpublished data from
our laboratory). While absence of withdrawal effects
with THC may reflect the absence of proven drug
dependence with cannabinoids in man, the human
drug dependence data with nicotine suggest that nico-
tine dependence does occur.

A principal weakness of the procedure using one,
two, or three daily administrations is that the behav-
ioral and physical signs induced are modest and very
short-lived (2-3 days). Indeed, under conditions of
oral, i.p., or s.c. administration, there are no dramatic
manifestations as have sometimes been described in
the literature, particularly with opioids (Grasing et al.
1996). Administration by the i.v. route produces more
rapid onset of drug action and mirrors more closely
human drug abuse behavior, but it is difficult to ensure
repeated i.v. administrations or continuous i.v. slow
infusion over longer periods (weeks) in rats to obtain
the exposure necessary to induce signs of dependence.
Certain authors recommend use of osmotic minipumps
to ensure a more constant exposure to the test sub-
stance and a more abrupt discontinuation by surgical
removal at the end of the exposure period (Kalinichev
and Holtzman 2003). This has been reported with
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nicotine (Semba et al. 2004), although we have not
been able to reproduce this data in our own laboratory.
A major problem with osmotic minipumps is that they
require the test substances to be very soluble, and this
is not always the case.

There is no easy way of ensuring that withdrawal
from reference substances will induce dramatic behav-
ioral changes. The experimenter is obliged to retain
more subtle effects as indices of the dependence poten-
tial of the test substance. The method does possess the
advantage that it is not mechanism bound and, there-
fore, may detect dependence-like phenomena with
agents having no common neurobiological substrates.
Absence of any signs of withdrawal after repeated
treatment with maximally tolerated doses can be
taken as a reasonable indicator of the absence of
dependence liability.

MODIFICATIONS TO THE METHOD

The nonprecipitated withdrawal procedure described
above represents an open-ended screen for dependence
liability. The procedure can be rendered more discrim-
inating, by preexposing the animals to the same admin-
istration schedule and then testing them in procedures
with more specific indications. For example, with-
drawal-induced fearfulness could be assessed by
using a plus maze or a light-enhanced startle test
appropriately calibrated to detect anxiogenic activity.
Similarly, a withdrawal-induced decrease in the con-
vulsive threshold could be evaluated using either an
ECS or PTZ procedure.

More complex procedures for unmasking drug
dependence liability could involve assessment of
acquired positive reinforcing effects as a result of
repeated treatment. Induction of conditioned place
preference (see below) has been reported with different
substances, for example, nicotine (Shoaib et al. 1994)
and alcohol (Meert 1994), after the animals have been
preexposed to repeated treatment with the substance,
whereas no conditioned place preference can be
induced with the same substances in the absence of
pretreatment.

Use of telemetry for assessment of withdrawal is
advantageous as compared with more traditional
approaches as it can detect changes that would be
missed if only intermittent observations were made.
In addition, telemetry allows a measure of withdrawal
effects without complications that might arise from
interactions with the experimenter. This general
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approach, using a range of parameters that are not
modified by the process of repeat testing, and which
can be affected indirectly by general feelings of mal-
aise brought on by discontinuation, is applicable to all
classes of test substance without the need to make
assumptions about their specific effects or their time
course (Froger-Colléaux et al. 2011). Data collected by
telemetry following treatment with chlordiazepoxide
and morphine and ensuing withdrawal are presented in
the examples below.
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Examples (See Figs. 3.8, 3.9, 3.10, 3.11).

3.3.1.2 Drug Abuse

Drug abuse represents a more serious social problem
than drug dependence because it involves a much
greater variety of substances and because it can and
does occur in the absence of dependence. Tests for
abuse measure various aspects of drug-taking and
drug-seeking behavior with the aim of establishing
whether the test substance possesses positive
reinforcing effects (Moser et al. 2011a).
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Fig. 3.8 Body weight gain and food consumption during treat-
ment (days 1-20) and discontinuation (days 21-28) of chlordi-
azepoxide. Body weight was recorded during each day of
treatment and discontinuation prior to the first administration
each day. Food consumption was recorded over each 24-h period
starting on day 18 of treatment. ** = p < 0.01 versus vehicle
controls; ANOVA for each day followed by post hoc Student’s
t tests. Values are mean =+ s.e.m. forn = 8

Indirect tests can assess whether the animal prefers
to be in an environment associated with a substance
with known positive reinforcing properties (condi-
tioned place preference procedures) or whether the
test substance has stimulus effects that resemble
a drug with known positive reinforcing properties
(drug discrimination procedures). The most direct test
of drug abuse liability, however, is to assess whether
animals will work to receive administrations of the test
substance (self-administration procedures) (Moser
et al. 2011b). Examples of the three approaches are
given below.

Conditioned Place Preference Test
PURPOSE/RATIONALE

The principle of conditioned place preference is that an
animal, repeatedly exposed to a distinct environment
in the presence of a substance with abuse potential, will
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show preference for that environment when later given
a choice because the environment has become associ-
ated with the rewarding properties of the test substance
(Schechter and Calcagnetti 1993). If conditioned place
preference can be established with a test substance, this
suggests that the test substance possesses positive
reinforcing effects and is therefore likely to be abused.
If, on the other hand, the test substance has no such
effects or even induces a conditioned place aversion,
where the animal avoids the environment previously
associated with the test substance, this suggests that the
test substance is devoid of positive reinforcing effects
or may even be aversive and is, therefore, unlikely to
be abused.

PROCEDURE

Rats are given one session per day (a.m.) over 8§ days.
During sessions, which last 30 min, they are allowed to
explore one side of a two-compartment box (35 x 35 x
70 cm). The two compartments are tactually and visu-
ally distinct (black/white striped walls with smooth
floors versus gray walls with corrugated floors). The
opening between the two compartments (12 x 12 cm)
is closed by a guillotine door. Before each session, the
animals receive a p.o. administration of either the test
substance or vehicle. The test substance is always asso-
ciated with the gray compartment. Thus, after 8 days,
each animal will have been exposed to four pairings of
test substance with the gray compartment and four
pairings of vehicle with the striped compartment.

On the ninth day, in the absence of any treatment,
the animals have free access to both compartments via
the guillotine doorway which is left open, and the
session is monitored and recorded on videotape. The
time spent by the animal in each of the two compart-
ments is scored from the video records and is broken
down into 5-min segments over the 20-min test period.
The number of crossings from one compartment to the
other is also recorded.

Twelve animals are studied per group. The experi-
ment is performed blind.

The test substance is usually evaluated at two doses
and compared with a vehicle-treated control group.

Morphine (16 mg/kg i.p. or 64 mg/kg p.o.) can be
used as reference substance.

EVALUATION
Before commencing conditioning, animals are gener-
ally given a 20-min pretest in the two compartments
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Fig. 3.10 Body weight gain and food consumption during
treatment (Days 1-20) and discontinuation (Days 21-28) of
morphine. Body weight was recorded during each day of treat-
ment and discontinuation prior to the first administration each
day. Food consumption was recorded over each 24-h period
starting on Day 18 of treatment. For body weight, both treatment
groups were significantly different from vehicle for each day of
treatment from day 5 onward (pb0.01; ANOVA for each day
followed by post hoc Student’s 7 tests). * = p < 0.05, ** =p <
0.01 versus vehicle controls; ANOVA for each day followed by
post hoc Student’s ¢ tests. Values are mean £ s.e.m. forn =8

with the guillotine door open, and the time spent in
each compartment is measured. These data provide an
initial assessment of any natural preference for either
compartment in the absence of drugs and allow assign-
ment of animals to treatment groups such that initial
place preference is matched between the groups.

During the conditioning phase itself, where the ani-
mal in confined to one or the other compartment, no
behavioral monitoring is undertaken.

The measure of time spent in each compartment on
the test day (day 9) in the absence of the test substance
is an indication of the animal’s preference for each
compartment. Measures of the number of crossings
provide an indication of the animal’s spontaneous
level of activity under the conditions of the test. It
should be noted that crossings are not an indication of
the effects of the test substance on locomotion, because

V. Castagné et al.

the animal is not under the influence of the test sub-
stance during the test. Clear decreases in the number of
crossings are, nonetheless, systematically observed on
the test day after previous conditioning with sub-
stances such as morphine and, therefore, appear to be
part of the conditioned place preference process. On
the other hand, no ready interpretation can be offered
for these changes.

CRITICAL ASSESSMENT OF THE METHOD

Conditioned place preference appears to provide
a fairly simple indication of whether a test substance
exerts positive reinforcing effects. The existence of
conditioned place preference with a novel substance
therefore represents a clear first sign of abuse potential.

On the other hand, absence of conditioned place
preference cannot be taken to indicate that the test
substance is devoid of abuse potential. Indeed, the
main weakness of the conditioned place preference
paradigm is that several known substances of abuse
(amphetamine, THC, nicotine, alcohol) do not readily
induce conditioned place preference, if at all. More-
over, even with substances such as cocaine, the condi-
tioned place preference which occurs is considerably
less robust than that observed with morphine, for
example. Cocaine place preference is generally
observed only during the first 5-10 min of the test, in
contrast to morphine where the effect is more clearly
present over the whole test period. Even with mor-
phine, the effect is observed only over a narrow dose
range, 8—16 mg/kg i.p. or 64—128 mg/kg p.o., and is not
clearly dose dependent (our unpublished data).

Further problems are encountered with substances
such as THC, where place preference can be observed
over a narrow range of low doses (0.5-1 mg/kg i.p.),
but where place aversion is observed at higher
doses (Maldonado and Rodriguez de Fonseca 2002).
Conditioned place preference has been reported with
nicotine, but only after a short pretreatment with
nicotine before commencing place preference condi-
tioning (Shoaib et al. 1994). We have been unable to
replicate this finding in our own laboratory
(our unpublished data).

Taken together, existing data with conditioned
place preference suggest that it is rather insensitive to
several known drugs of abuse (false negatives). On the
other hand, the demonstration of conditioned place
preference with a particular substance represents
a danger sign which should not be ignored.
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MODIFICATIONS TO THE METHOD

The procedure described above gives individual con-
ditioning sessions on separate days. This procedure,
while time-consuming, ensures that the animals enter
each conditioning session in the absence of drug
effects from a preceding session.

Shorter procedures are available where the animals
are given two conditioning sessions within the same
day (mornings and afternoons). With drugs such as
morphine administered parenterally (i.v. or i.p.), the
5-h interval between the two sessions is sufficient to
enable adequate place preference conditioning to
occur, presumably because the drug effect from the
morning session is no longer present in the afternoon.
This assumption cannot be made when the test sub-
stance has a long duration of action or even when the
test substance is administered by the p.o. or s.c. routes,
where the drug effects typically last longer. If there
is no clear pharmacological differentiation between
two successive conditioning sessions, the absence
of conditioned place preference could represent
a “false negative” in that the animal is unable to dis-
criminate the two compartments in terms of the pres-
ence and absence of the test substance. For test
substances with a demonstrably short duration of
action, the 2-sessions-per-day procedure represents
a considerable economy in experimental time and,
therefore, cost.

Another time-consuming aspect of the paradigm
described above is the off-line visual analysis of the
video recordings conducted after test completion. Con-
siderable economies can be realized by use of com-
mercially available automatic video image analysis
systems. Once correctly validated, these systems
offer a viable alternative to visual analysis, providing
cost-effective and objective data evaluations compati-
ble with the requirements of GLP.
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Example (See Fig. 3.12).

Drug Discrimination
PURPOSE/RATIONALE
Another indirect procedure for evaluating abuse liabil-
ity is drug discrimination where animals, by pressing
on one of two levers in a Skinner box, can show that
they can discriminate the presence of a particular drug
of abuse (training drug) from vehicle. They are then
given the new substance and can indicate by their
choice of lever whether the new substance resembles
the training drug (Colpaert 1987; Solinas et al. 20006).
The basic assumption of drug discrimination pro-
cedures is that if a test substance is perceived as being
subjectively similar to a drug of abuse, it is also likely
to be abused. Many drugs of abuse are capable of being
discriminated in a drug discrimination paradigm in rats
and include cocaine, amphetamine, morphine, phency-
clidine, mescaline, THC, nicotine, and benzodiaze-
pines (Colpaert and Slangen 1982). It is important to
note that the ability of a drug to serve as a discrimina-
tive stimulus does not necessarily indicate any poten-
tial for abuse since certain drugs that are not abused,
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Veh 4 8 16

Morphine (mg/kg i.p.)

% time spent in drug compartment

Fig. 3.12 Effects of morphine (i.p.) in the place preference test
in the rat
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for example, flumazenil (Gerak and France 1999), can
be established as a reliable discriminative stimulus in
animals.

PROCEDURE

Training

Sessions are given in commercially available operant
chambers equipped with two response levers, and
a food hopper. Initially, rats are submitted to lever-
pressing acquisition sessions where a response on
either the right or the left lever resulted in the delivery
of a food pellet (i.e., FR1 schedule of reinforcement).
The levers are inserted in the chamber at the beginning
of the session and are withdrawn at the end of the
session. The house light comes on at the beginning of
the session and is extinguished at the end of the ses-
sion. Sessions terminate after 45 min or after the ani-
mals completed 50 responses, whichever occurred
first. At the end of this phase, animals which fail to
acquire the lever-press response are discarded from the
experiments. No administration is given during the
acquisition of the lever pressing.

When animals receive 50 pellets in a session, the
response requirement is increased to FR2 and discrim-
ination training commences whereby only responding
on one of the levers is reinforced. For a particular day,
the active lever depends on the treatment administered
(i.e., saline or drug.). The treatment is administered
15 min before the sessions. The allocation of the right
or the left lever to the training substance (drug) is
balanced out between animals. The response require-
ment is increased progressively across days to a final
fixed ratio (FR) value of 10. Animals must make con-
secutive responses (1 FR) on a given lever in order to
receive a food pellet, the FR value being reset to zero if
an animal responds on the other lever prior to comple-
tion of the FR.

Saline and drug are administered across sessions
according to alternating sequences of single and dou-
ble alternation (e.g., drug, saline, saline, drug, drug,
saline, saline, drug, saline, drug), with training sessions
taking place on weekdays only. Two sequences are
used so that the rats do not systematically all receive
the same treatment each day. During the pretreatment
period, animals return to their home cage prior to
placement in the chamber. The session ends after the
delivery of 50 food pellets or 15 min, whichever occurs
first. At the end of this phase, animals which fail to
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discriminate within 75 sessions are discarded from the

experiment. Training continues until the following

criteria are satisfied:

(a) Eight of ten consecutive training sessions (this
performance must thereafter be maintained for at
least a further five sessions) (i.e., 80% of correct
training sessions over 3 weeks)

(b) The two sessions (one saline and one drug session)
just prior to a test session must be correct.

(c) The above criteria must be maintained between
test sessions which are carried out with at least
two intervening successful training sessions of
which at least one must be a saline session and
one an cocaine session.

The test sessions are identical to training sessions
except that rats receive different doses of the test
substance in a pseudorandom order, administered
15 min before the session. During test sessions, 10
responses on either lever result in delivery of a food
pellet, with the FR value being reset to zero if an
animal responds on the other lever prior to completion
of FR10 (i.e., rats must make 10 consecutive responses
on a given lever in order to receive a food pellet).
Morphine (5 mg/kg i.p.), cocaine (8 mg/kg i.p.), diaz-
epam (2 mg/kg i.p.), b-amphetamine (0.6 mg/kg i.p.),
DOI (0.63 mg/kg i.p.), or THC (3 mg/kg i.p.) can be
used, among others, as comparator drugs.

To ensure that 8—10 animals can be retained for
drug testing, training is commenced with 12 animals
per drug.

Drug Testing

Test sessions are identical to training sessions except
that rats receive different doses of the test substance in
a pseudorandom order, administered 15 min before the
session. During test sessions, 10 responses on either
lever result in delivery of a food pellet, with the FR
value being reset to zero if an animal responds on the
other lever prior to completion of FR10 (i.e., rats must
make 10 consecutive responses on a given lever in
order to receive a food pellet). The training dose of
the training drug and saline are tested initially to con-
firm adequate stimulus control for testing. Thereafter,
three different doses of the test substance (and the
vehicle used for the preparation of the test substance,
if needed) are studied using a Latin square design. On
concluding test substance evaluation, the training drug
and saline are tested again.
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EVALUATION

Two basic measures are taken during drug discrimina-
tion procedures, the percent responses on the drug-
associated lever and the response rate on both levers
(in response per second).

The first parameter (percent responses on the drug
lever) provides an estimate of the degree of generali-
zation between the test substance and the comparator
(training drug). No responding on the drug lever
(i.e., 100% responding on the saline lever) would indi-
cate that the test substance does not generalize to the
training drug and that the test substance is therefore not
recognized as being similar. Exclusive (100%)
responding on the drug lever would indicate complete
generalization to the training drug and that the test
substance is therefore recognized as resembling the
training drug. In cases where clear generalization
occurs, a dose-response effect is observed and the
data lend themselves to calculations of ED50s which
represent the dose levels at which the test substance
generalizes 50% to the training drug.

The second parameter (response rate on both levers)
provides an estimate of the effects of the test substance
on operant performance. If the test substance exerts
marked sedative effects, the number of responses
would normally be decreased. Response rate could
even be increased if the test substance possessed
psychostimulant effects. Interpretation of drug effects
on operant performance is, however, not simple,
because other factors can contribute to effects of the
test substance on response rate. In the present proce-
dure, where the effect of the reinforcement schedule
(FR10) is to produce a high rate of baseline
responding, test substances with either sedative or
psychostimulant effects will generally decrease the
rate of responding.

Although the test substance may generalize par-
tially or fully to the training drug up to some dose,
further increasing the dose will eventually decrease or
completely suppress responding. Partial generaliza-
tion, accompanied by a suppression of responding at
higher doses, could suggest that the test substance does
not fully share discriminative stimulus effects with the
training drug. Alternatively, such a result could indi-
cate that rate-decreasing effects occur at compara-
tively smaller doses and, thereby, preclude measures
of discriminative stimulus effects. Partial effects of
this type must be evaluated with great caution. How-
ever, if complete generalization occurs before the test
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substance suppresses responding, this suggests a clear
similarity between the test substance and the training
drug, at least within that particular dose range.

Discrimination results from animals that have had
a low response rate (fewer than 50 responses) were not
used for calculating the percentage of responding on
the drug-associated lever. However, all data from all
tests were used to calculate response rate.

No formal statistical analysis was performed on
percentage of the total responses on the drug-
associated lever. Response rate was analyzed, compar-
ing the different treatments with saline (or vehicle)
using paired Student’s  tests.

CRITICAL ASSESSMENT OF THE METHOD
Drug discrimination procedures provide a unique
opportunity for assessing subjectively perceived drug
effects using purely behavioral criteria and quantita-
tive measures. Furthermore, under appropriate training
conditions, the method has been shown to be exqui-
sitely sensitive even to minor changes in pharmacolog-
ical activity, for example, between different
benzodiazepines (Ator and Griffiths 1989) or even
between different doses of the same drug (Walker
et al. 2001). At the same time, the numerous published
data show a high degree of selectivity within different
substance classes. The perceived similarities between
different psychotomimetics, for example, PCP and
MK-801 (France et al. 1991) or opioids (France et al.
1995), provide cogent behavioral evidence for
a common mechanism of action or even action at the
same receptor subtype, whereas dissimilar discrimina-
tive stimulus effects provide suggestive evidence for
action at different receptors or different actions at the
same receptor. Thus, the greatest strength of drug
discrimination is its pharmacological selectivity.

The interplay between generalization curves and
drug effects on response rate can often provide behav-
ioral evidence for the degree of similarity between
a selected training drug and the test substance, or the
dose range in which such similarity exists, or of the
kind of action occurring at a target receptor including
agonism, antagonism, inverse agonism, and the rela-
tive efficacy of those effects.

A further advantage of drug discrimination para-
digms is that similar methodology can be used in
a variety of species from mice (Shelton et al. 2004) to
pigeons (Walker et al. 2001), to rats (Ator and Griffiths
1989), to monkeys (Gerak and France 1999), and even
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to humans (Foltin and Fischman 1992), thereby
permitting direct extrapolations across species.

The primary disadvantage of drug discrimination
procedures is that they are time-consuming. This
becomes most apparent when the procedure is used to
characterize the perceived pharmacological profile of
anew test substance, where it may have to be evaluated
in numerous independent groups trained to recognize
a variety of known drugs of abuse. Thus, characteriza-
tion of test substances solely on the basis of drug
discrimination procedures is likely to take consider-
able time.

The principal weakness of drug discrimination pro-
cedures for assessing abuse liability is that they pro-
vide only indirect evidence regarding abuse. If a test
substance is discriminated as being similar to a known
drug of abuse, this is taken to indicate that the test
substance is likely to be abused in a similar manner.
On the other hand, if a test substance does not share
discriminative stimulus effects with any known drug of
abuse, drug discrimination procedures alone provide
no indication of whether the test substance is likely to
be abused.

MODIFICATIONS TO THE METHOD

There are many variants in drug discrimination meth-
odology whereby small procedural differences (fixed
or variable interval instead of fixed or variable ratio
reinforcement, probe trials with or without reinforce-
ment to test for generalization, test sessions where
either the chosen lever, i.e., that on which the animal
emits say its first 10 responses, or both levers are
reinforced) are practiced in different laboratories with-
out marked differences in the results obtained.

A more important difference is whether to score the
level of generalization by the percentage responding
on the drug-associated lever or by the initial lever
choice of the animal when exposed to the test sub-
stance. The former in theory permits a more quantified
and graded estimate of the degree of generalization at
the different doses and should, thereby, permit a more
powerful statistical analysis. The latter might provide
a more unbiased measure of discriminative stimulus
effects since responding prior to food delivery, unlike
responding after food delivery, cannot be influenced
by contingencies of reinforcement. However, simple
lever choice measures permit only quantal measures
(proportion of animals choosing the drug-associated
lever) at each dose investigated, with correspondingly
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less powerful statistical analysis. Again, there are no
marked differences in the kinds of results reported by
laboratories using the two approaches. One reason is
that the distribution of scores between the two levers is
essentially bimodal, with little variation at the two
extremes and considerable variation around the 50%
mark.

Another potentially useful drug discrimination
approach is to establish whether the test substance
itself can exert discriminative stimulus control as
a training drug. If the test substance is poorly discrim-
inable, more sessions will be required before achieving
an adequate level of stimulus control or abandoning
training. Indeed, failure to establish discriminable con-
trol over many training sessions constitutes suggestive
evidence that the substance has few CNS effects,
assuming that it has been administered in an appropri-
ate dose and at an appropriate time prior to training
sessions. While inability to establish discrimination
with a test substance provides presumptive evidence
for a lack of CNS effects that could predict little or no
abuse potential, the opposite result is not true. That is,
rapid acquisition of discriminative control with a test
substance simply indicates that the substance has stim-
ulus effects, perhaps mediated in the CNS. Because
many CNS-acting drugs that are not abused are reliably
discriminated by nonhumans (e.g., kappa opioid ago-
nists; France et al. 1994), no predictions can be made
regarding abuse potential based solely on ease of dis-
crimination training.

Despite the time taken to train an animal to recog-
nize a test substance, once the animals are sufficiently
trained, they can be used repeatedly with a variety of
drugs of abuse with the aim of identifying which of
these substances generalize to the training substance
(in this case, the test substance). In this fashion, it
would be possible to establish the profile of perceived
drug effects using the same animals tested with differ-
ent drugs of abuse. This kind of procedure is rarely
reported, but could represent a considerable economy
in the number of animals required.
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Examples (See Figs. 3.13, 3.14, 3.15).
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Antagonism by naloxone
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Fig. 3.14 Effects of naloxone on drug discrimination in rats
trained to discriminate morphine from saline and generalization
to buprenorphine. Note the antagonism of responding on the

Self-administration

PURPOSE/RATIONALE

The most direct tests of abuse potential are self-
administration procedures, where the animals can, by
pressing on a lever, receive an i.v. infusion of the test
substance via a pump system connected to an indwelling
catheter (Brady and Griffiths 1976). Parallel methods
have been used widely with rats and monkeys and
provide substantially similar findings. More recently,
self-administration procedures have also been devel-
oped using mice (Caine et al. 2002; Thomsen and
Caine 2005). Virtually, all drugs which are abused in
humans will induce or sustain self-administration
behavior in animals. The self-administration paradigm
is a clearly homologous animal model of human drug
abuse with a consequently high level of face validity,
construct validity, and predictive validity.

PROCEDURE
Experiments are conducted in ventilated, sound-
attenuating operant chambers. Each chamber is

49

Generalization to buprenorphine
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lever associated with morphine by naloxone. There is a dose-
dependent generalization to buprenorphine toward responding to
the lever associated with morphine

equipped with a single lever located to the right of
a5 x 5 cm opening for food pellet delivery from
a food hopper. A translucent stimulus light is located
above the food hopper. Experimental events are con-
trolled and monitored, and data are collected and stored,
by a microcomputer and associated interface. Male rats
(240-320 g) are housed individually and maintained
under a noninverted 12/12-h light/dark cycle. Upon
arrival, rats have restricted access to food for 5-7 days
(15 gfrat/day then 18 g/rat/day after the surgery), after
which, lever training begins under a continuous rein-
forcement (CRF) schedule of food presentation. Daily
sessions comprise 45 min or 20 food presentations,
whichever occurs first. Subsequently, the response
requirement is increased to a fixed ratio (FR) 10. Once
rats receive 20 food pellets in a single session under the
FR10 schedule (typically within 5-10 days), food train-
ing is suspended and a chronic indwelling i.v. jugular
catheter is implanted. Beginning at least 3 days after
surgery, daily sessions (typical maximum duration of
120 min) are conducted during which rats can receive
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Fig. 3.15 Effects of nicotine and cocaine on drug discrimina-
tion in rats trained to discriminate amphetamine from saline and
effects of nicotine and amphetamine in rats trained to discrimi-
nate cocaine from saline. There is a dose-dependent

a maximum of 50 i.v. infusions of the baseline drug
(cocaine, 0.5 mg/kg/infusion) under the FR10 schedule.
Immediately prior to the beginning of daily sessions,
rats receive 1 noncontingent (i.e., “priming”) infusion of
the same solution that is delivered after appropriate
responding during the session (baseline drug, saline, or
test substance). A distinctive visual stimulus is
displayed during periods when i.v. infusions are avail-
able. Each infusion is followed by a 30-s timeout, during
which the chamber is dark and lever presses have no
programmed consequence. The infusion duration is
4-6 s, and the infusion volume is approximately
138-210 pl (infusion rate 2.075 ml/min), depending
on the weight of the subject and the solubility of the
test substance.

Self-administration Testing

After responding for the baseline drug stabilizes (i.e.,
when the variability in the number of infusions deliv-
ered per session does not exceed + 20% over three
consecutive sessions), saline (the cocaine vehicle) is
substituted for the baseline drug until the number of
infusions per session is less than 8% or 40% of cocaine
responding for three consecutive days. Following this
training phase, rats are tested with 0.25 mg/kg/infusion

generalization to cocaine to the lever associated with amphet-
amine, whereas the converse is partially true. There is only
partial generalization to nicotine in rats trained to discriminate
amphetamine or cocaine from saline

of cocaine for at least 3 days to verify that lever
pressing is contingent on a rewarding substance being
available and that rats rapidly increase their lever-
pressing behavior (i.e., within one or two sessions)
and to a high level (>20 infusions per session) as
soon as such a substance is available. This is followed
by a test substance vehicle phase for at least 3 days,
where lever pressing must rapidly drop to low levels
(less 40% of cocaine responding). Once these four
experimental phases are completed, a specified dose
of the test substance is substituted for saline (or test
substance vehicle) (for at least five sessions) until there
are fewer than eight infusions over three consecutive
sessions or until the number of infusions per session
does not vary by more than +20% over three consec-
utive sessions. Next, saline is substituted for the test
substance until the criteria listed above are satisfied.
Finally, the baseline drug (cocaine, 0.25 mg/kg/infu-
sion) is substituted for saline until the criteria listed
above are satisfied. Testing starts with a minimum of
10 rats per group with the objective of obtaining data
from 8 rats that complete all phases of the experiment.
Each subject is used to study only a single dose of test
substance. A total of three dose levels of the test article
are administered.
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EVALUATION
The primary behavioral measure recorded is the num-
ber of infusions received during the session.

CRITICAL ASSESSMENT OF THE METHOD
The model described above is a so-called substitution
procedure where the animal is first trained to respond
for i.v. infusion of a known drug of abuse, in the
present case cocaine. Once reliable self-administration
is established, the test substance is substituted for
cocaine to see whether the test substance continues to
maintain self-administration behavior.

This procedure had several advantages. The first is
that drug testing commences in an animal already
shown to administer the reference drug. As such, the
model possesses a high level of face validity in that the
test substance evaluation is conducted in a drug-
experienced animal. Moreover, even in the rat, there
can be individual differences in the rate at which ani-
mals self-administer the reference drug, even after
extensive training. Thus, the substitution procedure
provides an assessment of the rate at which the test
substance is self-administered compared with the ref-
erence drug, for individuals and for groups of subjects.
Furthermore, evaluating the test substance in animals
already shown to self-administer a reference drug of
abuse decreases the possibility that a negative finding
with the test substance is due either to the animal’s low
intrinsic tendency to self-administer or to other factors
which might have prevented the animal from initiating
self-administration. Thus, the substitution model rep-
resents a highly sensitive procedure for detecting pos-
itive reinforcing effects of test compounds which, in
turn, have high predictive validity for abuse potential
in humans. No self-administration behavior under
these conditions suggests the absence of abuse
potential.

A critical element in all self-administration proce-
dures is the choice of the doses to be evaluated. If the
doses are too high, it is possible that no self-
administration will be observed because the high
doses directly interfere with operant responding.
Studying inappropriately high doses could therefore
lead to the false conclusion that the test substance is
devoid of abuse liability, whereas lower doses might
clearly maintain self-administration. The best way to
avoid overdosing is to conduct prior dose-finding
experiments, using either an operant behavior schedule
or a more simple measure of spontaneous locomotion,
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like the activity meter test described above. The
highest dose chosen for the subsequent self-
administration experiment should be one just below
that inducing a clear effect on operant or spontaneous
behavior. The choice of the lowest dose represents less
of a problem in that it should be close to that found
active in procedures used to evaluate the potential
therapeutic activity of the test substance.

Use of an appropriate self-administration paradigm,
such as the substitution procedure described above, is
likely to be sensitive to a large variety of known drugs
of abuse (Griffiths and Balster 1979; Griffiths et al.
1980), although certain substance classes, for example,
nicotine (Corrigall 1999) and benzodiazepines
(Broadbear et al. 2005), while clearly positive rein-
forcers under a limited range of conditions, are not as
readily self-administered as opioids or cocaine.
Indeed, the different self-administration effects of
these diverse substance classes probably reflect their
real-life abuse liability as indicated by “street use.” On
the other hand, the experimental literature describes
self-administration in animals with several substances,
for example, modafinil (Gold and Balster 1996),
nomifensine (Aspen and Winger 1997), and bupropion
(Bergman et al. 1989), which have never been associ-
ated with significant problems of abuse in humans.
Thus, self-administration procedures in nonhumans
can generate a certain number of apparent “false pos-
itives.” Reasons for the absence of abuse in humans
with some substances that maintain self-administration
responding in animals could be related to the ease at
which these substances can be put into an injectable
formulation, pharmacokinetic factors such as their
rapidity of absorption, their availability compared
with other drugs, or to important differences between
the self-administration doses and those which are
active in the therapeutic indication.

MODIFICATIONS TO THE METHOD

The major variants of the self-administration para-
digm, for the purposes of abuse potential studies, are
substitution procedures and initiation procedures. With
substitution procedures, animals are first trained to
self-administer a reference drug and are then adminis-
tered the test substance to see whether the test sub-
stance can substitute for the reference drug in
maintaining self-administration behavior. The advan-
tages of substitution procedures in CNS safety evalu-
ation have been described above. Another advantage
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of substitution procedures is that they permit reuse of
the same animals for assessing different test substances
or different doses of the same test substance. This
becomes highly important when primates are used
because of the cost of the animals themselves and of
ethical issues surrounding the use of primates. Reuse is
less of an advantage with rats because the practical
lifespan of the assay (i.e., catheter patency) is signifi-
cantly less with rodents.

Initiation procedures ask whether a drug-naive ani-
mal will come to self-administer the test substance
without any prior self-administration training. If
a test substance induces clear self-administration in
a drug-naive animal, this constitutes even more com-
pelling evidence of its abuse potential. On the other
hand, initiation procedures for the same reason can be
considered less sensitive, i.e., less likely to detect self-
administration, and are therefore less appropriate for
CNS safety pharmacology. Because there is typically
no positive control in this type of initiation study, the
failure to establish self-administration responding in
naive animals does not constitute adequate evidence
for concluding there is no abuse potential.

Another important variant in self-administration pro-
cedures is the animal species used. The most frequently
used animals are rats and nonhuman primates, usually
macaques but also new world monkeys (capuchin, squir-
rel, marmosets) and baboons. More recent publications
have described rapid self-administration procedures in
the mouse (Caine et al. 2002) with consequent reductions
in cost. There is no evidence that the data obtained
between different species differ qualitatively in terms
of the kinds of drugs showing positive reinforcing prop-
erties. On the other hand, primates, and in particular the
macaque, are the species preferred by the drug registra-
tion authorities mainly because of their greater similarity
to humans in terms of active doses and pharmacokinetics
and because of the extensive literature on the behavioral
effects of CNS-acting drugs in this species.

Analysis of self-administration behavior is mainly
qualitative, indicating whether or not a test substance
is a positive reinforcer in self-administration studies.
Although there are clear differences between drug clas-
ses and even between individual animals, in the number
of infusions taken during a test session, the number of
infusions per session might not provide a clear reflection
of the reinforcing effectiveness of a test substance
because ongoing behavior can be affected by repeated
drug delivery, potentially leading to suppression of
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responding or even lethality. The pharmacokinetic pro-
file of a test substance is a major determinant of whether
or not reinforcing effects are observed (i.e., in general,
rapid-onset drugs are more reinforcing than slow onset
drugs) and whether the number of reinforcers received
throughout a test session reflects overall reinforcing
effectiveness (i.e., in general, long-duration drugs can
accumulate through the session, suppress responding,
and, thereby, appear to be less reinforcing than might be
the case). One alternative to the typical repeated dosing
self-administration procedure is a second-order sched-
ule of self-administration (e.g., Negus and Mello 2004).
Under this schedule, nondrug stimuli (e.g., lights) that
have been paired with drug delivery are presented under
a schedule of reinforcement throughout the session and
only a single drug injection is administered at the end of
the session. Thus, behavior throughout a session is not
affected directly by drug delivery since drug is admin-
istered only once, at the end of the session. Second-
order schedules have not been used widely in abuse
potential studies, perhaps because they require exten-
sive training and because behavior under these sched-
ules tends to respond less rapidly to changes in dosing
conditions. Another indicator of the reinforcing effec-
tiveness of a test substance can be the amount of work
an animal will perform to obtain the test substance. This
can be investigated with a progressive ratio schedule
(e.g., Solinas et al. 2004) whereby the response require-
ment increases for every infusion or after a fixed period
of time (Wilcox et al. 2000) until the animal ceases to
lever press for a predetermined interval, defined as the
breaking point. The presumption of progressive ratio
studies is that the higher the breaking point, the greater
the reinforcing effectiveness, although the same poten-
tial complications regarding pharmacokinetics that were
noted above for simple (FR) schedule of self-
administration also apply to progressive ratio schedules.
Breaking point studies are usually undertaken as
a supplementary investigation after a test substance
has demonstrated positive reinforcing effects under
other conditions.
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Examples (See Figs. 3.16, 3.17).

3.3.2 Cognitive Processes

Tests of higher cognitive function find their place
during the later phases of CNS safety assessment
because they are more time-consuming to perform
and cannot therefore be performed on a routine screen-
ing basis. Included under the term cognitive function
are learning, memory, and attention. It is important that
drugs be devoid of impairing effects on these func-
tions, whatever their indication. It is thus essential that
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Fig. 3.16 Effects of cocaine in a self-administration procedure
in the rat. Cocaine induces clear self-administration at the begin-
ning and the end of the experiment, in contrast to saline which
induces a low level of self-administration

CNS safety pharmacology provide procedures for
evaluating these effects in animal studies. There is no
standardized set of procedures in this area. The follow-
ing procedures provide an indication of the kinds of
protocols that can be applied. The list is by no means
exhaustive.

3.3.2.1 Passive Avoidance Test
PURPOSE/RATIONALE

One of the simplest procedures for looking for adverse
effects on learning/memory is the so-called one-trial
passive avoidance task (Bammer 1982). A mouse or
arat receives an aversive stimulation in a recognizable
environment and on a later occasion shows it has
remembered by not going there (passive avoidance).
Amnesia-inducing drugs (benzodiazepines, anticho-
linergics, NMDA antagonists), administered before
the first exposure, attenuate the animal’s memory for
the aversive stimulus as shown by a decreased avoid-
ance of the environment in which it was previously
received.

PROCEDURE

The passive avoidance apparatus we use consists of
two compartments, one (30 x 30 x 30 cm) brightly lit
and the other (20 x 20 x 12.5) dark, connected by
a small opening (8 x 8 cm) which can be closed by
a guillotine door.
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Fig. 3.17 Acquisition of four commonly abused substances (ketamine 0.5 mg/kg/infusion, amphetamine 0.05 mg/kg/infusion,
morphine 0.25 mg/kg/infusion, and nicotine 0.03 mg/kg/infusion) in cocaine (0.5 mg/kg/infusion)-trained rats

For the first trial (T1), rats are placed individually
into the lighted compartment. After 30 s, the door to
the dark compartment is opened. When the rat has
entered the dark compartment, the door is closed and
the rat immediately receives a 0.8 mA shock
(Coulbourn shock generator) for 2 s. The animal is
removed immediately after the shock and is replaced
in its home cage.

The animal is placed again 48 h later in the lighted
compartment with the door closed for the second trial
(T2). The door is opened after 30 s, and the animal’s
latency to cross to the dark compartment is recorded
(cut-off time = 180 s).

Amnesia-inducing drugs cause a
decrease in the step-through latency at T2.

Twenty rats are studied per group. The test is
performed blind.

The test substance is usually evaluated at three
doses, administered p.o. 60 min before T1, and com-
pared with a vehicle control group.

Scopolamine (0.5 mg/kg s.c.), administered under
the same experimental conditions, is used as reference
substance.

The basic experiment therefore includes five groups.

significant

EVALUATION

The principal measure taken is the animal’s latency to
cross to the dark compartment at T2. This score pro-
vides an estimate of the animal’s retention of the shock
received at T1. Because the latencies measured at T2
have a 180 s cut-off, the scores in the control group are
abnormally distributed because of the presence of
numerous ceiling scores. It is therefore essential to
apply nonparametric statistics, for example, the
Mann-Whitney U test, to analyze the data.

A second measure taken is the animal’s latency to
cross to the dark compartment during T1. This measure
is used to estimate the intrinsic effects of the test
substance on exploration/locomotion. These scores
are more normally distributed than at T2 but, for rea-
sons of homogeneity, should also be evaluated using
the Mann-Whitney U test.

A clear drug effect on T2 latencies in the absence of
an effect on T1 latencies can be more clearly
interpreted as an effect on memory.

CRITICAL ASSESSMENT OF THE METHOD
Passive avoidance procedures provide the most rapid
and apparently simple index of a drug’s impairing
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effects on memory. They are therefore suitable as
a first screen for potential cognition-impairing activity.
The fact that the learning occurs within a single trial
distinguishes this procedure from all other procedures
described below. On the other hand, passive avoidance
procedures suffer problems of interpretation in terms
of the memory/learning processes involved. Is
a decrease in step-through latency at T2 due to the
fact that the animal did not learn the association
between the dark compartment and the shock or
because it could not retain this learning over the inter-
est interval? A decrease in T2 step-through latency
could also reflect an impairment of attention at T1 or
even a decrease in pain sensitivity induced by the test
substance during the learning trial.

A further problem with passive avoidance proce-
dures is that, despite their apparent simplicity, the
results obtained are notoriously variable on separate
occasions and between different laboratories (Bammer
1982). Although part of the explanation for the
interlaboratory variability lies with the multiplicity of
passive avoidance procedures (see below), even using
the same procedure from day to day provides varying
results. To counteract the variability, it is therefore
necessary to include more animals per group.

Passive avoidance procedures are essentially useful
for detecting impairing effects of test substances. It is
more difficult to demonstrate cognition enhancement
because of ceiling effects. In terms of safety pharma-
cology, this is not a major drawback as impairment
represents the major cognitive risk.

MODIFICATIONS TO THE METHOD
The passive avoidance procedure exists in multiple
versions, but basically consists of two paradigms, step-
down and step-through. The procedure described above
is a step-through procedure involving two compart-
ments, light and dark, whereas the step-down procedure
involves placing the animal on a platform just above an
electrifiable grid floor. Both oppose the animal’s natural
tendencies (aversion to bright light or remaining in
a restricted space) with avoidance of an electric shock.
With the step-through procedure, the dimensions of
the apparatus can vary, in particular the relative sizes
of the two compartments. In general, it is the light
compartment which is larger. The size of the light
compartment can radically change the latencies with
which the animal crosses to the dark compartment and,
thereby, influence the amount the animal learns about
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this new environment before receiving electric shock.
The manner of delivering shock can also vary. With
some procedures, the animal receives shock for a brief
but fixed period. With other procedures, the animal
receives shock until it has returned to the light com-
partment. The same is also true for the step-down
procedure. Indeed, the existence of so many variants
no doubt explains much of the variability of data
between different laboratories. As yet, no single
“best” method has been recommended.

Most passive avoidance procedures used in CNS
safety pharmacology employ shock levels of sufficient
intensity to induce a high level of avoidance, thereby
providing a behavioral baseline suitable for assessing
cognitive impairment. Other variants either use lower
levels of shock to induce less than maximal learning
during a learning trial to permit demonstrations of
improved performance or use multiple trials for
establishing learning curves. Multiple trial procedures
permit the progress of learning to be monitored and the
effects of test substances on the learning process to be
assessed, thereby providing more readily interpretable
data. On the other hand, multiple trials are time-con-
suming, decreasing the major advantage of one-trial
procedures. Using lower shock levels in a one-trial
procedure has the disadvantage of decreasing the inter-
pretability because there is no independent means of
establishing whether learning was present or whether
the shock level was simply insufficient to sustain
a passive avoidance response.

Another variant is the manner of administering the
test substance. One of the interpretational problems
with passive avoidance is the occurrence of other
drug effects, for example, on pain sensitivity or atten-
tion, which can confound the interpretation in terms of
memory. Some of these effects can be controlled by
administering the test substance immediately after T1,
with the intention of acting on so-called memory “con-
solidation.” Posttrial administration has other prob-
lems, however. Administration of the test substance
may have positive reinforcing or aversive effects
which can influence the scores at T2. Another problem
is their onset of action. A test substance with slow
onset could miss the “consolidation” period altogether
and thereby appear to be devoid of amnesic potential
when this is not the case. The best general screening
procedure therefore remains that where the test sub-
stance is administered before the learning session,
despite some difficulties in data interpretation.
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Passive avoidance procedures generally use
intertrial intervals of 2448 h and, thereby, measure
longer-term memory. It is possible to shorten the
intertrial interval to, for example, 1 h to assess drug
effects on shorter-term memory. On the other hand,
passive avoidance procedures are not very frequently
used for comparisons of short- and long-term memory,
probably because other procedures (see below) offer
better possibilities of interpretation.
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Example (See Fig. 3.18).

3.3.2.2 Morris Maze Test
PURPOSE/RATIONALE

Another fairly simple procedure, which allows
a greater degree of interpretation, is the Morris water
maze (Morris 1981). In this test, a mouse or a rat is
placed into a circular tank containing water and has to
find an escape platform in a fixed place just beneath the
surface. The escape platform is not visible to the ani-
mal because the water has been rendered opaque. After
swimming around for a certain time, the animal will
eventually come across the hidden platform and climb
up onto it to escape from the water. When placed again
in the water on subsequent occasions, the animal
will generally find the platform with increasing

Step-through latency (s)
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rapidity, indicating that it has learned the position of
the platform. Although the maze is featureless, it is
important that sufficient distinctive cues are present in
the experimental room to allow the animal to orient
itself.

PROCEDURE
The Morris maze we use consists of a circular water
tank (150 cm in diameter) filled with water and
maintained at 27°C with an escape platform (15 cm
in diameter) 18 cm from the perimeter always in the
same position 2 cm beneath the surface of the water.
The water is made opaque by addition of milk powder
rendering the platform invisible.

Rats are given a single training session on 1 day.
A training session consists of four consecutive trials in
the Morris maze separated by 60 s. For each trial, the
animal is placed in the maze at one of two starting
points equidistant from the escape platform and
allowed to find the escape platform. The animal is
left on the escape platform for 60 s before starting
a new trial. If the animal does not find the platform
within 120 s, the experimenter removes it from the
water and places it on the platform for 60 s before
beginning the next trial. During the four trials, the
animals start the maze twice from each starting point
in a randomly determined order per animal.

Twelve rats are studied per group. The test is
performed blind.

The test substance is usually evaluated at three
doses, administered p.o. 60 min before the session,
and compared with a vehicle control group.

Step-through latency (s)
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Chlordiazepoxide (10 mg/kg p.o.) or scopolamine
(0.5 mg/kg s.c.), administered under the same experi-
mental conditions, is used as the reference substance.

The basic experiment therefore includes five
groups.

EVALUATION

The principal measure taken is the escape latency at
each trial. Decreases in the escape latency from trial to
trial indicate learning. A drug-induced flattening of the
learning curve therefore indicates impairment of learn-
ing. These effects can be analyzed statistically by
comparing performance between the treated groups
and vehicle control at each learning trial using Stu-
dent’s ¢ tests. ANOVA with repeated measures (trials)
provides a more sophisticated and sensitive assessment
by including within the same analysis all the scores
obtained per animal.

Another measure of interest is the animal’s escape
latency at the first trial. The absence of any treatment
effect at the first trial, the animal’s first experience of
the test situation, can suggest that the test substance is
devoid of intrinsic effects on swimming behavior
which could confound interpretation of the subsequent
data.

One other measure frequently taken, particularly
when the animal’s behavior is scored using computer-
ized analysis of the video records, is the animal’s
swimming path during the trials. By this means, it is
possible to quantify drug-induced changes in swim-
ming patterns, for example, wall clinging (thigmo-
taxis), and to calculate the animal’s swimming speed,
thereby providing another assessment of the intrinsic
effects of the test substance on swimming
performance.

CRITICAL ASSESSMENT OF THE METHOD
In contrast to the one-trial passive avoidance proce-
dure, the Morris maze permits the progress of learning
to be evaluated within the test. Furthermore, subse-
quent learning can be compared with initial swimming
performance. Both factors allow a clearer interpreta-
tion of drug effects. Moreover, the Morris maze
depends on the animal’s use of extramaze visual
cues. The behavior can therefore be more readily
interpreted in terms of the animal’s capacity to learn
to orient itself in space (spatial learning) and the effects
thereon of the test substance.
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Forcing the animal to swim is a powerful motivator
and thereby induces a stable behavioral baseline, once
the animal has experienced the escape platform. On the
other hand, the situation represents a major stress for the
animal, particularly if the animal has difficulty finding
the escape platform on the first trial. When this happens,
drug effects on emotional factors, for example, “behav-
ioral despair” (Porsolt et al. 2002), could confound
interpretations in terms of learning/memory. The ran-
dom nature of the first discovery of the platform is
therefore a factor which increases variability, whereas
subsequent learning varies little from one occasion to
the next and is more clearly interpretable.

The capacity to conduct multiple variants of the
procedure (see further details below) endows the Mor-
ris maze with a wide range of possibilities for
interpreting drug-induced change in cognitive func-
tion. This together, with its functional simplicity, no
doubt explains the popularity of the procedure.

MODIFICATIONS TO THE METHOD
The two major variants of the procedure are the
grouping of the trials and the inclusion or not of
probe trials.

In our own basic procedure, four trials are given on
a single day with a 60 s timeout between trials. It is
possible to repeat the same procedure over several
consecutive days in the same test animals. Although
more time-consuming, repeated sessions on different
days enable drug effects on short-term memory and
long-term memory to be distinguished. Short-term
memory is best assessed by examining performance
on repeated trials on the same day. The decreases in
escape latency from trial to trial are a direct reflection
of the animal’s retention from the immediately preced-
ing trial. In contrast, long-term memory can best be
assessed by examining day-to-day performance.
Indeed, the purest measure of long-term memory is
the change in escape latency on the first trials of each
day. This measure reflects the animal’s retention
from the previous day without confounding from the
new learning occurring on subsequent trials on the
same day. Indeed, another variant of the procedure
is simply to give a single trial on each day. In this
way, the influence of within-day learning is totally
excluded.

In terms of economy of experimentation, we
recommend giving multiple trial sessions on consecu-
tive days and analyzing them as described above.
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Another modification is to include probe trials, where
no escape platform is present. The retention measure is
the time spent in the maze quadrant associated with the
escape platform. An animal which remembers the
location of the platform will spend more time in that
quadrant of the maze. An essential requirement is that
the probe trial remains short, say 1 min, to avoid the
animal learning that the platform is no longer present.
If new learning can be thus avoided, probe trials
provide the most sensitive index of the animal’s reten-
tion of the position of the platform, unconfounded by
random elements (the animal finding the platform by
chance).

Further modifications are the size of the swimming
tank and the position of the escape platform. Both
parameters differ widely between different laborato-
ries. In general, larger tanks increase the difficulty for
the animal to find the escape platform with
a consequently flatter learning curve. Indeed age- or
drug-related changes in Morris maze performance
depend critically on such factors.
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Examples (Figs. 3.19, 3.20).
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3.3.2.3 Social Recognition Test
PURPOSE/RATIONALE

Social recognition refers to the fact that an adult rat,
when exposed to the same juvenile rat on two occa-
sions, demonstrates that it has recognized the juvenile
by a decrease in the amount of investigatory behavior
on the second occasion. Absence of a decrease in
investigatory behavior at the second occasion suggests
that the adult rat has forgotten the juvenile.

This simple model of memory differs from those
described above in that it is based on a natural behav-
ioral tendency rather than the situations imposed on the
animal by exposure to aversive stimulation.

PROCEDURE
An unfamiliar juvenile rat (40-50 g, 3 weeks old) is
introduced into the individual home cage (41 x 25 x
15 cm) of a mature adult rat (400450 g, 3—4 months old)
for 5 min. Following this first encounter (E1), the juvenile
is returned to its isolation cage until a second encounter
(E2) of 5 min with the same adult rat 30 min later.

Under such conditions, a mature adult rat recog-
nizes the juvenile as familiar, as indicated by
a reduction in the duration of social investigatory
behavior at E2.

Twelve rats are studied per group. The test is
performed blind.

The test substance is usually evaluated at three
doses, administered p.o. 60 min before E1, and com-
pared with a vehicle control group.

Distance swum (sec)

2500 +
2000 4
1500 -
1000 -

500 1

CDP
(10 mg/kg)

Vehicle
control

[0T1 m Mean T2-T3-T4|

Fig. 3.19 Effects of chlordiazepoxide during the acquisition
(single session) of a Morris maze task in the rat. Note the
decrease in escape latencies and distance swum in the vehicle
control group (short-term memory) and the absence of effect of

CDP on performance at the first trial (absence of intrinsic effects
on swimming performance). In contrast, it clearly attenuates this
decrease (perturbing effect on short-term memory) during the
last 3 trials
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Fig. 3.20 (a, b) Effects of scopolamine on the acquisition and
the retention of a Morris maze task in the rat. Note the clear
decrease in escape latencies and distance swum in the vehicle
control group from day to day (long-term memory) during the
acquisition and the high percentage of time and distance swum in

Scopolamine (0.25 mg/kg s.c.), administered under
the same experimental conditions, is used as reference
substance.

The basic experiment therefore includes five
groups.

EVALUATION

The time the adult rat spends investigating (sniffing,
grooming, closely following) the juvenile is recorded
at each encounter.

These two measures permit the calculation of
arecognition index which consists of the ratio between
the durations of investigation at E1 and E2 (E2/El).
A recognition index of close to unity suggests that the
mature adult has not remembered its previous encoun-
ter with the juvenile. A recognition index significantly
less than unity suggests recognition of the juvenile by
the mature adult.

the target quadrant (clear retention) during the probe test. Sco-
polamine does not induce such a decrease in escape latencies and
distance swum and clearly decreases the percentage of time and
distance swum in the target quadrant (scopolamine-induced
impairment)

These effects can be analyzed statistically by com-
paring treated groups and vehicle control at each test
session using Student’s ¢ tests.

CRITICAL ASSESSMENT OF THE METHOD
Social exploration is a natural behavioral phenomenon
which occurs when animals are confronted with one
another. The behavior is not induced by the experi-
menter but occurs spontaneously. Such a method pos-
sesses therefore a certain face validity in that it appears
to resemble memories for social encounters as they
occur in man.

Caution has to be applied with such anthropomor-
phic interpretations, however. Whereas the basis of
human social recognition is mainly visual, the major
component in rodent social recognition paradigms is
more likely to be olfactory (Sawyer et al. 1984). Thus,
drugs which affect rodent social recognition may do so
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by mechanisms not pertinent to social recognition in
man, for example, by changing olfactory cues. What-
ever the mechanism, it is clear that animals show
memory in social recognition paradigms and that this
memory is subject to disruption by drug treatment. The
data obtained in a rodent social recognition paradigm
may therefore usefully complement data obtained
using the more classical approaches described above,
where the learning/memory phenomena result from
experimental manipulation of the animal’s motiva-
tional state. With social memory procedures, no prior
animal training or habituation is required to obtain the
sought-after behavioral effects.

A problem with social recognition procedures is
that, being based on spontaneous behavior, they are
particularly susceptible to environmental changes.
Thus, to obtain reproducible findings, it is essential
that all environmental factors (temperature, lighting,
ambient noise and temperature, cage size, bedding, age
and weight of experimental animals, and time of day)
be kept as constant as possible.

Moreover, to ensure that the drug effects observed
are not due to intrinsic effects of the test substance on
social exploration, it is desirable to precede the main
social recognition experiment by a prior dose-response
experiment to ensure that the selected doses do not
affect baseline social investigation.

MODIFICATIONS TO THE METHOD
The basic paradigm described above ensures condi-
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obtained under control conditions. Other approaches
aim to attenuate the level of social memory with the
hope of the test being sensitive both to memory impair-
ment and enhancement. A decrease in social recogni-
tion under the same experimental conditions can
readily be obtained by increasing the time interval
between El and E2, for example, to 120 min. Under
these conditions, a vehicle-treated control group of
normal mature adult rats will show less or no
social recognition memory for the juvenile, whereas
clear social recognition memory can be observed
with a 30-min interval between El1 and E2
(Lemaire et al. 1994).
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Example (See Fig. 3.21).
3.3.2.4 Delayed Alternation Test

PURPOSE/RATIONALE
One of the most powerful techniques for studying
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Fig.3.21 Effects of scopolamine on social recognition memory
in the rat. Note the clear decrease in social investigation in the
vehicle control group between the first and the second exposure
30 min later (social memory) and the absence of effect of
scopolamine on social investigation during the first exposure

(absence of intrinsic effects of scopolamine on social investiga-
tion). In the scopolamine-treated animals, there is no decrease in
social investigation at the second exposure, demonstrating
impairment of social memory
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conditions is operant behavior. The term operant
behavior refers to a particular learned behavior
whereby an animal obtains food reward or avoids
punishment by pressing on a lever in a so-called Skin-
ner box. Operant techniques permit a wide range of
psychopharmacological effects (e.g., antipsychotic,
antianxiety, antidepressant, analgesic) to be studied
in a quantified fashion, using a standardized environ-
ment with a high degree of automation.

The technique also lends itself readily to the study
of memory function, in particular by use of delayed
responding procedures. In delayed responding, the ani-
mal is required to retain information over a short
period (usually seconds) and then to show, by pressing
an appropriate lever, whether it has correctly remem-
bered the information (Dunnett et al. 1988). In the
procedure described below, a rat in a Skinner box is
presented with a lever, either on the left or on the right
side of the food dispenser. The rat presses the lever,
and the lever is withdrawn. Two levers are presented
2.5 s later, and the rat has to press the lever which was
not presented previously to obtain a food reward
(delayed alternation or delayed nonmatching to sam-
ple). If the rat presses the same lever as that previously
presented, the lever is withdrawn, but no food is
given. In this fashion, the animal can be trained
to retain a piece of information (position of a lever)
and, thereby, demonstrate its short-term memory
capacity.

PROCEDURE

We use standard Skinner boxes (MED Associates, St
Albans, VT 05478, USA) equipped with two retract-
able levers and a food distributor (Roux et al. 1994).
The experiments are controlled and the data collected
automatically using specialized software (MED Asso-
ciates, St Albans, VT 05478, USA).

During the 7 days immediately preceding the exper-
iment, the animals are placed on a restricted food
regime (15-g standard diet per day) with free access
to water. Before being given the standard diet each
day, they are also given several 45 mg food pellets
(those used as reward in the delayed alternation proce-
dure) to habituate them to this novel food.

The delayed alternation experiment consists of two
separate phases:

— Acquisition of lever pressing (single lever)
— Acquisition of delayed alternation (two levers)
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Acquisition of Lever Pressing

The aim of this phase is to train animals, on the pre-
sentation of a single retractable lever, to press on it to
receive a food pellet reward.

Animals are given daily 30-min sessions for about
5 days.

At the end of this phase, between 80% and 100% of
the animals acquire the lever-press response. Animals
which fail to learn are discarded from the experiments.
If some animals are close to establishing steady lever-
pressing behavior, they are given extra training with
the aim of attaining at least 10 animals per group.

Acquisition of Delayed Alternation (Drug Test)

Subsequent to lever-press acquisition, all animals are
submitted to delayed alternation sessions over 10 days.
During this phase, the Skinner boxes are fitted with two
retractable levers one on each side of the food distributor.

A training session consists of 36 successive trials
separated by 10 s. Each trial starts by presenting the
animal with one lever (left or right). When the animal
presses on the lever, it is given a food pellet, the lever is
retracted, and 2.5 s later, two levers are presented. The
animal has to learn to press on the lever not previously
presented in order to gain a food reward (delayed
alternation). If the animal does not lever press within
20 s of a one- or two-lever presentation, the lever(s) is
withdrawn, and the next trial commences 10 s later.

The test substance is usually evaluated at three
doses, administered p.o. 60 min before each session,
and compared with a vehicle control group.

Scopolamine (0.25 mg/kg s.c.), administered under
the same experimental conditions, is used as reference
substance.

The basic experiment therefore includes five
groups.

Drug administrations commence at the beginning of
delayed alternation training and continue over the
weekend between the two test weeks. The experiment
therefore includes a total of 12 administrations.

EVALUATION

Three principal measures are taken:

Percent correct responses (the number of times the
animal correctly alternates expressed as
a percentage of the total number of trials)

Simple reaction time (mean time taken to respond to
a single-lever presentation)
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— Choice reaction time (mean time taken to respond to

a two-lever presentation)

Response accuracy reflects the animal’s capacity to
remember the lever previously presented and therefore
represents a measure of short-term memory. Simple
reaction times reflect the animal’s rapidity to respond
to an unpredictable spatial stimulus and therefore rep-
resent a measure of attention. Choice reaction times
reflect the animal’s rapidity to choose between two
levers and therefore represent a measure of decision
taking or information processing speed. Performance
on all parameters improves over the acquisition period
and therefore indicates the animal’s capacity to learn
a new task.

These effects can be analyzed statistically by com-
paring performance between the treated groups and
vehicle control at each learning session using Student’s
t tests. ANOVA with repeated measures (trials) pro-
vides a more sophisticated and sensitive assessment by
including within the same analysis all the scores
obtained per animal.

CRITICAL ASSESSMENT OF THE METHOD
The delayed alternation task provides a clear index of
the animal’s short-term memory capacity. Because the
animal can be given numerous trials (lever presenta-
tions) within a single test session of about 20 min, the
procedure provides a very dense behavioral sampling
from which to estimate the effects of a drug. Further-
more, measuring the animal’s simple and choice reac-
tion times provides additional information about drug
effects on other aspects of cognitive performance more
related to attention and information processing speed.
The operant delayed alternation paradigm thereby pro-
vides a useful multiparameter measure of possible
impairing effects of a test substance on cognitive func-
tion. Indeed, results obtained in our laboratory suggest
that different classes of test substance can differen-
tially affect the three parameters measured, demon-
strating the wusefulness of the procedure for
characterizing drug effects.

One of the principal qualities of operant behavior is
the stability of the behavioral baselines between dif-
ferent executions of the procedure. Even with the pre-
sent learning task, where the behavior is by definition
labile, the possibility of obtaining comparable results
on different occasions represents a major advantage of
the procedure. The stable behavioral baselines
undoubtedly result from the highly standardized
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experimental environment, where the behavior is mea-
sured automatically and there is a minimum of exper-
imenter influence. Automation also permits numerous
animals to be tested simultaneously by the same tech-
nician, thereby offsetting the cost of the apparatus and
the time-consuming nature of the training procedures
themselves.

Despite the stability of the behaviors observed on
different occasions, the use of a learning task where the
behavior evolves markedly during the course of the
experiment constitutes a sensitive background against
which to evaluate drug effects.

In view of the above, we recommend the delayed
alternation procedure as being the most useful single
procedure for evaluating possible deleterious effects of
test substances on cognitive processes.

MODIFICATIONS TO THE METHOD
Delayed alternation behavior can be studied at two
phases, during acquisition (as above) or when perfor-
mance has been stabilized after continued training.
Delayed alternation acquisition is probably the
most sensitive procedure for detecting potential
adverse effects of different kinds, but lends itself less
readily to unequivocal interpretation. A flattening of
the learning curve could reflect either a drug effect on
learning itself or result from drug-induced impairment
of the short-term memory necessary for correct perfor-
mance of the task. If the animal cannot remember
which lever was presented previously, it will have
difficulty learning to alternate between the two levers.
This interpretational problem can be diminished by
training the animals up to stabilized performance.
Once stabilized, the behavior will more clearly reflect
short-term memory because the learning component is
no longer present. Indeed, once alternation perfor-
mance is stabilized, it is possible to introduce delays
of different lengths and thereby assess decreases in
response accuracy as the retention delay is increased
(delay-dependent forgetting). Thus, once animals have
been trained up to stabilized performance, they can be
used repeatedly to evaluate different drug treatments.
Another term for describing delayed alternation is
“delayed nonmatching to sample.” This terminology
refers to the first lever presentation (left or right) as
a sample and a subsequent response on the opposite
lever (alternation) as a “nonmatching to sample.”
Another variant of the procedure therefore is “delayed
matching to sample” whereby the animal must always



3 Central Nervous System (CNS) Safety Pharmacology Studies

press on the same lever as that previously presented to
obtain a food reward. Both procedures have been used
in experimental studies of adverse drug action with
essentially similar results. On the other hand, our
own experience in aged rats suggests that age-related
deficits in response accuracy during acquisition and
stabilized performance are more readily demonstrated
using a “nonmatching to sample” procedure.
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Example (See Fig. 3.22).

3.3.3 EEG Studies

The Japanese guidelines suggested that electroenceph-
alogram (EEG) studies should be conducted when
necessary (Category B), whereas ICH S7A merely
mentions electrophysiology examinations as part of
the recommended follow-up studies. Electrophysiol-
ogy covers a wide range of procedures from in vitro
intracellular and extracellular studies to whole animal
in vivo studies such as EEG. EEG itself is a very broad
concept and refers to all aspects of the electrical activ-
ity of the brain, from superficial recordings outside the
skull to depth electrodes recording from within the
intracerebral structures at extracellular levels. As far
as CNS follow-up safety pharmacology is concerned,
two major EEG applications, the quantified EEG
(QEEG) and the sleep/wake cycle, appear to be of
particular relevance because they involve the con-
scious freely moving animal.

3.3.3.1 QEEG

PURPOSE/RATIONALE

QEEG makes use of the Fourier theorem to analyze the
electrical power in the different frequency bands of the
EEG (Itil 1981). Animals, with electrodes fixed to the
skull (cortical leads) and sometimes also implanted ste-
reotaxically in selected structures (e.g., hippocampus,
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striatum), are exposed to brief measurement periods
during which they are either left free to move spontane-
ously or activated by means of a treadmill to ensure
a stable heightened level of vigilance.

The EEG signals are continuously fed into
a computer which divides them into short fragments
which are decomposed by fast Fourier formation
(FFT) into a series of sine waves. The spectral power,
a measure proportional to the wave amplitudes, is then
estimated and integrated over predefined frequency
ranges. The frequency ranges studied in the rat closely
match those which are used to characterize the human
EEG: 1.5-4 Hz (comparable with the delta-band in the
human EEG), 5-8 Hz (theta-band), 8.5—12.5 Hz (alpha-
band), 13-35 Hz (beta-band), and 36-64 Hz (gamma-
band). The total power 1.5-64 Hz is also calculated.

The protocol described below is for QEEG evalua-
tion in the rat. Despite the considerable differences in
function and structure between human and rat brain,
psychoactive drugs showing effects in humans affect
the rat brain similarly. Thus, the rat EEG is generally
areliable predictor for human CNS drug effects (Easter
et al. 2009).

PROCEDURE

Animal Preparation
Rats are anesthetized (sodium pentobarbital 55 mg/
kg i.p., plus supplementary doses of 5-10 mg/kg if
necessary) and are implanted with two surface elec-
trodes, consisting of miniature titanium screws, placed
over the frontoparietal cortex, and two depth elec-
trodes, consisting of twisted platinum-iridium wires,
placed stereotaxically into the hippocampus CA1 area
(Paxinos and Watson coordinates interaural, AP +
50 mm, L £ 2.5 mm, V + 7.0 mm). The electrodes
are connected to small plugs, and the whole assembly
is secured on the skull with acrylic dental cement.
Following surgery, implanted animals are kept in indi-
vidual Makrolon cages (30 x 18 x 19 cm) and are
allowed at least 10 days to recover.

In order to ensure a minimum of eight animals
completing the experimental treatments, a total of 14
rats are implanted.

Testing Procedure

Animals are placed individually on a stationary tread-
mill (30 x 10 cm) and are connected to a signal con-
ditioning system (Coulbourn Model V75-01) via
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Fig. 3.22 (a—c) Effects of
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a shielded multicore cable, connected at one end to the
plug on the animal’s head and at the other end to
a swivel mounted 30 cm above the center of the tread-
mill. Animals are then given a 60-min session with
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alternating periods of 10 min with the treadmill turned
on (speed 1.5 m/min) and off.

Recording sessions take place between 10 a.m. and
5 p.m. with several animals recorded in parallel.
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Before beginning drug testing, all animals are sub-
mitted to at least one habituation session (without
administration) to ensure correct locomotion in the
apparatus. The quality of electrical signals for each
animal is also checked during this session.

Each animal receives all the treatments in separate
60-min sessions over periods of weeks. The testing
procedure during each test week is as follows:

Day 1: Control session (vehicle administration)
Day 2: Drug test session (test substance
administration)

Day 3 to day 7: Washout period

Each animal is tested at the same time of day in the
same treadmill during different test sessions.

Eight rats are studied per test substance and receive
all the different treatments in an order balanced
between the animals. The test is performed blind.

EVALUATION

EEG signals recorded by the signal conditioning sys-
tem are filtered between 1 and 64 Hz and with a notch
filter of 50 Hz. Amplification levels are adjusted to
avoid saturation of the signal input to the computer.
The differential output between the two cortical elec-
trodes is digitized online at a sampling rate of 256 Hz/
channel and the data stored in raw data files.

EEG is quantitatively analyzed by spectral analysis
using a fast Fourier transform algorithm. In our labo-
ratory, this analysis is performed using the specialized
software (ecgAUTO). The mean total spectral power
between 1.5 and 64 Hz and the power in five
subfrequency bands (1.5-4, 5-8, 8.5-12.5, 13-35,
and 36-64 Hz) are calculated for the periods during
which the treadmill is on.

For each hour, the mean relative power (% of total
spectral power) in the subfrequency bands delta, theta,
alpha, beta, and gamma is estimated during treadmill-
on phases.

To take into account interindividual variability in
the EEG amplitudes, results are expressed as percent-
age change in the absolute power of corresponding
spectra between vehicle and test substance.

The Wilcoxon signed-rank test (two-tailed) is used
to compare baseline recordings and recordings after
substance administration.

CRITICAL ASSESSMENT OF THE METHOD
Evaluation of drug effects on the EEG was already
being performed in the early 1930s, by the discoverer
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of the human EEG himself, the psychiatrist Hans
Berger. Visual analysis of EEG traces is nonetheless
a time-consuming, painstaking procedure and, there-
fore, impractical on a routine basis for safety pharma-
cology. Apart from the subjective nature of visual trace
analysis, subtle changes in EEG activity can often
escape visual detection. With the advances in digital
data processing, automatic EEG analysis (QEEG) has
become possible and the potential usefulness of QEEG
for drug screening has been recognized (Van Rinsen and
Glatt 1993). Drug-dependent QEEG effects have been
shown in various species (Krijzer and van der Molen
1987). Although QEEG has frequently been character-
ized as an efficacy pharmacology procedure for identi-
fying specific drug activity (Krijzer et al. 1993), QEEG
also has undoubted usefulness in safety pharmacology.
The same techniques are used for both, but the interpre-
tation is different. Whereas the efficacy approach
emphasizes the pattern of power changes in various
brain structures, the main question for the safety
approach is the presence or absence of such changes.
While there is debate as to whether QEEG, by virtue
of the different profiles observed, is capable of identi-
fying specific classes of psychotropic agent, there is
general consensus that the QEEG can detect basic stim-
ulant, sedative, or even convulsant activity (Van Rinsen
and Glatt 1993). This could have clear relevance for
drug safety by corroborating in terms of brain activity,
data obtained from behavioral observation. Further-
more, the QEEG can serve as a direct index of cerebral
bioavailability, to determine up to which dose a new
drug, intended for a non-CNS application, is devoid of
effects on the brain (Danhof and Visser 2002).
Analysis of the EEG traces can permit early detec-
tion of pathological changes in brain activity, fre-
quently in the absence of overt effects on behavior.
This appears to be particularly true for recordings from
subcortical structures such as the hippocampus. Like
other parts of the limbic system, the hippocampus has
a lower threshold for convulsions than the cortex.
Early signs of seizures, whether intentionally induced
with a convulsant or as a side effect of drug treatment,
mostly appear first in the hippocampus. In man, the
relevance of the hippocampus is demonstrated by its
involvement in temporal lobe epilepsy (Quesney
1986). Moreover, the hippocampus is a key structure
not only for pathological epileptic processes but also
for memory processing (Squire et al. 2004). Thus, for
safety pharmacology purposes, the hippocampus
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constitutes a key structure for QEEG analysis. The
results from such studies can be critical for deciding
whether the development of a substance should be
discontinued or shifted into another direction.

Even if EEG activity is usually assessed in the rat,
larger species such as the dog are however widely used
not only in drug development, to evaluate cardiovas-
cular risk, but also in toxicology. We have data
suggesting that the dog might be a particularly suitable
species for evaluating human proconvulsant risk
(Durmiiller et al. 2007).

MODIFICATIONS TO THE METHOD

Since EEG activity varies with the level of vigilance,
the maintenance of a constant vigilance level is essen-
tial for QEEG studies. Free-floating vigilance levels
can lead to unwanted variability in the EEG signal.

Several procedures have been described to keep
animals awake. One is to stimulate the animals’
somatosensory system, using tactile or auditory stimuli
(Sala et al. 1995). This method is effective for short
recording periods, but is neither practical nor reliable
for longer-term recording because the animals habitu-
ate rapidly to sensory stimuli.

Another approach has been to invert the light/dark
cycle and test the animals during their active period
(Dimpfel et al. 1992). A persisting difficulty with an
inverted light/dark cycle is that even nocturnal animals,
such as the rat or the cat, will still show considerable
sleep during the dark phase. Inversing the light/dark
cycle is also time-consuming in that the animals require
several days to habituate to the inversion, thereby
increasing costs. It is also virtually impossible to elimi-
nate all sources of disturbance, such as cage cleaning or
ambient noise levels, without very sophisticated instal-
lations. A final disadvantage is that such inversions are
not applied for other CNS safety pharmacology proce-
dures, reducing the comparability of the data obtained.

For the above reasons, forcing the animals to remain
active would appear to constitute the optimal proce-
dure for maintaining a constant level of vigilance dur-
ing QEEG studies. An equivalent approach to the
treadmill is the use of a treadwheel (Glatt et al. 1983;
Krijzer and van der Molen 1987). With both methods,
animals can be kept awake for periods sufficiently long
to permit adequate EEG sampling. We favor the tread-
mill approach because rats do not need any particular
training, in contrast to the treadwheel approach where
up to 30 days of habituation are necessary. Data
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obtained in our laboratory using a treadmill show
clearly that spectral power is more variable during
the periods of rest (data not shown).
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Example (See. Fig. 3.23).

3.3.3.2 Sleep/Wake Cycle
PURPOSE/RATIONALE

Studies of the sleep/wake cycle are to be distinguished
from QEEG by the fact that the animals are studied over
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Fig. 3.23 Effects of diazepam on the power spectrum of the
quantified EEG. Diazepam (8 mg/kg p.o.) decreases power in the
lower frequency range, with an inversion of this effect at high
frequencies in the cortex. The effects are weaker in the

much longer periods of time (up to several days) (Jouvet
1969). In contrast to QEEG, the aim is to determine the
effects of the test substance on spontaneous changes in
sleep/waking activity in freely moving subjects and, in
particular, whether the test substance induces alterations
in the architecture of natural sleep. Although a power
spectrum analysis can also be undertaken, the primary
analysis is usually confined to changes occurring in the
relative durations of the different phases of sleep, the
hypnogram (Ruigt et al. 1989).

Although the rat is a nocturnally active animal with
polyphasic sleep, experimental data show that sleep is
similarly affected by drugs in both humans and rats
(Lancel 1999). Thus, studies on the sleep-wake cycle
in the rat offer the possibility to test drugs for their
capacity to enhance sleep (efficacy pharmacology) or
adversely affect the architecture of sleep (safety phar-
macology). Unwanted sedative effects for
nonhypnotics can be disclosed as well as sleep distur-
bance induced by both hypnotic and nonhypnotic
drugs. From a safety pharmacology standpoint, the
aim is to determine up to which dose the test substance
is devoid of effects on sleep function.

PROCEDURE
Animal Preparation

Rats are anesthetized (sodium pentobarbital 55 mg/
kg i.p., plus supplementary doses of 5-10 mg/kg if
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hippocampus. Similar profiles are observed with other benzodi-
azepines and benzodiazepine-like substances such as chlordiaz-
epoxide or zolpidem (data not shown)

necessary) and are implanted with two surface elec-
trodes, consisting of miniature titanium screws, placed
over the frontoparietal cortex, and two depth electrodes,
consisting of twisted platinum-iridium wires, placed
stereotaxically into the hippocampus CA1 area (Paxinos
and Watson coordinates interaural, AP —5.0 mm L +
2.5mm, V + 7.0 mm). A further two straight platinum-
iridium electrodes are implanted into the neck muscle
for recording electromyographic activity. The elec-
trodes are connected to small plugs, and the whole
assembly is secured on the skull with dental cement.
Following surgery, implanted animals are kept in indi-
vidual Makrolon cages (30 x 18 x 19 cm) and are
allowed at least 10 days to recover. One day after
surgery, the rats are moved with their cages for adapta-
tion into the recording environment, which is a sound-
proof, ventilated, and temperature-controlled Faraday
room (1.8 x 2.4 x 2.3 m). This room is kept under
a 12/12-h light/dark cycle with lights on at 10.00 a.m.
Following recovery, rats are subjected to a 2-3-day
habituation period in the recording cages (30 x 40 x
48 cm) made out of Plexiglas with sawdust-covered
floors, during which they get used to being connected
via recording cables to the signal conditioning system
(Grass Polygraph Model 7, installed with preamplifiers/
amplifiers 7P5/DA and P511). The cables are connected
at one end to the plug on the animal’s head and at the
other end to a turning commutator mounted on the top of
the recording cage.
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To ensure a minimum of eight rats completing all
the experimental treatments, a total of 14 rats are
generally implanted.

Testing Procedure

After the habituation period, the test substance is gen-

erally evaluated at two doses administered p.o. or i.p.
Recording sessions are performed as follows with

nine rats recorded in parallel:

Day 1: Baseline session 1 (treatment 1); without
treatment

Day 2: Baseline session 2 (treatment 1); vehicle
administration

Day 3: Drug session 1; treatment 1 administration

Day 4 to day 7: No testing

Day 8: Baseline session 1 (treatment 2); without
treatment

Day 9: Baseline session 2 (treatment 2); vehicle
administration

Day 10: Drug session 2; treatment 2 administration
Administrations are performed at 10.00 a.m.

(immediately after switching on the lights), and

recording starts 15 min later and lasts 23 h. Half of

the animals receive the high dose first and the other

half the low dose first (balanced crossover). Each ani-

mal is tested in the same recording cage, with free

access to food and water during the whole experimen-

tal period.

EVALUATION

EEG signals read into the signal conditioning system
are filtered between 1 and 75 Hz for the cortex, 1 and
35 Hz for the hippocampus, and 10 and 3,000 Hz for
the neck muscle, and all signals are notch filtered at
50 Hz. Amplification levels are adjusted to avoid sat-
uration of the signal input to the computer. The differ-
ential output between the two cortical sites, the two
hippocampal sites, and the muscle leads is digitized
online at a sampling rate of 256 Hz/channel and the
data stored in raw data files.

Sleep-wake cycle analysis is performed off-line
using the specialized software (ecgAUTO) and the
results presentation and statistical analysis with MS
Excel.

Sleep-wake cycle analysis is based on power spec-
tral analysis. A fast Fourier transform algorithm calcu-
lates from the raw EEG signal total power and the
power of subfrequency bands for cortex and hippo-
campus from 8,192 data points which corresponds to
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a spectral point covering 16.4 s of real time EEG. For
muscle activity, the total energy is calculated, i.e., the
sum of the square amplitudes of the EMG over the
same time periods/1,000. Under visual inspection of
the spectral time-point curve, thresholds are placed
manually between minima and maxima of the spectral
amplitudes for the different frequency bands. The
energy-time curve of the EMG is analyzed the same
way. The program then automatically assigns individ-
ual spectral points to vigilance stages to form
a hypnogram. These hypnograms together with the
spectral power values are then transferred into Excel.

The latencies to the first occurrence of SWS and
REM are calculated. Further, the absolute time spent in
SWS, REM sleep, and wakefulness is calculated for
the following time intervals: the total recording ses-
sions (23 h), the half cycles (0-12 h and 12-23 h), and
the five time segments (0—4, 4-8, 8—12, 12-18, and
18-23 h).

In addition, the ratio of alpha to delta spectral
power, a measure which defines the depth of SWS
and the proportion between total and active wake, is
calculated for each interval. Differences between vehi-
cle control and test substance are calculated for all
variables and for each animal and averaged over the
animals per treatment group. A paired ¢ test is used for
the statistical analysis of each comparison.

CRITICAL ASSESSMENT OF THE METHOD
Human sleep is generally subdivided in five phases,
phase 1-4 sleep and REM sleep. Non-REM sleep in the
rat has two phases, light sleep and deep sleep,
corresponding to the human phases 1 and 2 and 3 and
4, respectively. Since it does not appear to be techni-
cally easy to implement an algorithm to differentiate
between the two phases, rat sleep is rarely subdivided
by computer programs. From a pharmacological point
of view, such a differentiation may be of importance to
show drug effects which deepen or lighten sleep with-
out affecting other sleep parameters. To date, however,
such drugs have not been described.

As with many other animal experimental models,
most sleep-wake cycle studies are performed in normal
rats. This is less of a problem for studies in safety than
in efficacy pharmacology. In efficacy studies, a drug
which may be useful to normalize sleep disturbances
may not show effects when tested on the normal sleep-
wake cycle. There are, on the other hand, sleep-wake
cycle models which match human sleep disturbance.



3 Central Nervous System (CNS) Safety Pharmacology Studies

Wake: percent change from control

69

SWS: percent change from control

*kk

O Diazepam

(8 mg/kg p.o.)
O Zolpidem

(12 mg/kg p.o.)

B Amphetamine

50% - 50% -
40% - 40% -
30% - 30% -
20% A = 20% -
10% 1 10% -

0% 0%

-10% - L] ~10%

~20% - . ~20% -

~30% - ~30% -
~40% - " ~40%
~50% - ~50% -

Fig. 3.24 Effects of diazepam, zolpidem, amphetamine, and
modafinil on the sleep/wake cycle in the rat during the first 12 h
after drug administration. Both diazepam and zolpidem decrease

One example is sleep deprivation, another is selective
CNS dopamine-depletion, to model sleep disturbance
related to Parkinson’s disease.

Computerized analysis of the sleep-wake cycle
by means of spectral analysis requires that each phase
of the cycle expresses its unique activity pattern. Under
physiological conditions, this is the case, but may be less
evident after certain drug administrations. In excep-
tional cases, computerized analysis may become impos-
sible because of drug-induced abnormalities in the EEG.
In these cases, however, visual analysis would also be
impossible because the spectral analysis approach uses
the same information as visual analysis. In these cases,
measurement of more physiological parameters (see
below) may be more helpful.

MODIFICATIONS TO THE METHOD
Telemetry is becoming increasingly used and is slowly
replacing the cable technique even if it is relatively
expensive. Indeed, telemetry permits simultaneous
recording of physiological parameters such as heart
and respiratory rate and body or brain temperature in
addition to the electrical brain and muscle activity used
to differentiate between the sleep-wake cycles phases.
This may provide supplementary information about
sleep dynamics and approach techniques closer to
those used in human polysomnography. Video recording
is also useful for capturing behavioral patterns in parallel
with cerebral activity (Moscardo and Rostello 2010).
The drug administration time point is an important
variable for sleep EEG experiments. Some drug effects

(4 mg/kg p.o.)

N Modafinil
(100 mg/kg i.p.)

*k

the amount of wakefulness and increase the amount of slow-
wave sleep, whereas opposite effects are observed with amphet-
amine and modafinil

are seen only when the drugs are administered before
the dark or before the light phase of the cycle. Indepen-
dent of pharmacokinetic considerations, most laborato-
ries find that the “best” time for evaluating drug effects
is several hours from the beginning of the light phase.
In recent years, a new mathematical approach,
based on the theory of nonlinear dynamics has been
used to analyze EEG signals through the sleep-wake
cycle. This kind of analysis has not been shown supe-
rior to the commonly used spectral analysis for phar-
macological studies. This may rapidly change with the
appearance of more powerful computers. In contrast to
spectral analysis, which is basically not more than an
automation of visual analysis, nonlinear analysis could
go well beyond the visual analysis of the EEG trace.
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4.1 Background

The inclusion of pharmacological studies (also known
as general, secondary, or ancillary pharmacology) in
the safety evaluation of new drugs is a well-established
practice (Zbinden 1966; Alder and Zbinden 1973).
These studies contribute to the safety profile of poten-
tial new drugs and provide pharmacological data that
can be used for optimization of further compounds
and the ultimate selection of compounds suitable for
clinical development. The emergence of safety phar-
macology as a specialty area distinct from toxicology
was facilitated by the appearance of the ICH S7A
guideline in which the rationale for safety pharmacol-
ogy studies was laid out, and study types were defined
(The European Agency for the Evaluation of Medici-
nal Products. Human Medicine Evaluation Unit 2000).
However, one topic in particular was instrumental in
focusing attention on safety pharmacology studies,
namely the concern about drugs causing severe ven-
tricular arrhythmias, including torsades de pointes and,
in some cases, sudden death. One must not forget,
however, that the purpose of conducting cardiovascu-
lar safety pharmacology studies is not just to define
a specific proarrhythmic risk but to examine potential
effects on the peripheral vasculature, the heart, or any
other effect that may secondarily lead to an activation
or depression of cardiovascular performance (Sarazan
etal. 2011).

Studies designed to detect potential drug-induced
effects on the cardiovascular system need to include
direct effects on myocardial contractile function as
well as peripheral effects on the vasculature that can
lead to reflex changes altering the autonomic tone of
the heart. Therefore, the key physiological parameters
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that need to be assessed include the heart rate and
arterial blood pressure, best reported as both diastolic
and systolic pressures since the evaluation of only
mean arterial pressure can potentially miss important,
drug-induced effects. An electrocardiogram is typi-
cally included in such a study to detect potential effects
on myocardial depolarization and intramyocardial
conductance and repolarization, either using limb
leads or in some cases using an electrode attached
directly to the heart. Overall cardiovascular perfor-
mance is perhaps best assessed by measuring cardiac
output, but this parameter is easiest to measure in anes-
thetized animal models with invasive techniques includ-
ing flow probes or dye/thermal dilution approaches.
Cardiac output is, however, the product of heart rate
and stroke volume. Heart rate is easily measured, and
stroke volume can be measured using various imaging
techniques; echocardiography being the most wide-
spread. Measurement of left ventricular pressure is
also possible and allows one to assess changes in myo-
cardial contractility using the maximal rate of pressure
development in the left ventricle (LVdP/dtmax). Since
drug-induced effects on myocardial contractility are not
uncommon, it is highly recommended to include this
type of assessment in cardiovascular safety pharmacol-
ogy studies (Sarazan et al. 2011).

Numerous strategies for the conduct of cardiovas-
cular safety studies have been suggested (Pourrias
et al. 1999; Lacroix and Provost 2000; Champeroux
et al. 2000; Gralinski 2000; Kinter and Valentin 2002;
Guth et al. 2004) based on the regulatory requirements
as well as the needs for efficient drug development.
This chapter will present the methodologies included
in most of these strategies.

4.1.1 General Considerations

The ICH S7A guidance on safety pharmacological
studies for human pharmaceuticals (The European
Agency for the Evaluation of Medicinal Products.
Human Medicine Evaluation Unit 2000) states
a preference for in vivo studies using experimental
models with unanesthetized animals. This is a major
deviation from previous general practice, based on the
recommendations of the Japanese Guidelines for
Nonclinical Studies of Drugs Manual (Japanese Min-
istry of Health and Welfare 1995), in which it was
stated that anesthetized animal preparations are
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typically used for cardiovascular safety evaluations.
The new regulatory preference for the use of conscious
animals is based on the possible complicating effects
that anesthetic agents can have on the cardiovascular
system. For example, pentobarbital anesthesia is known
to have direct effects on ventricular repolarization
(Bachmann et al. 2002). Furthermore, nonoptimized
anesthesia can lead to nonphysiological conditions that
also may mask drug-induced effects. An example of this
is the tachycardia often seen in animals overdosed with
pentobarbital anesthesia. Thus, experimental models
using conscious animals for measuring cardiovascular
parameters will be highlighted. However, due to their
great utility when carefully performed, cardiovascular
models using anesthetized animals should still be
included in the cardiovascular safety pharmacology
portfolio and will therefore be addressed.

4.1.1.1 Conscious Versus Anesthetized
Animal Use

Despite the theoretical advantages, the use of con-
scious animals brings with it new challenges for an
effective study design. For example, the cardiovascu-
lar system of a conscious animal, as compared to an
anesthetized animal is much more variable, as the
animal reacts to its environment. Subtle, drug-induced
effects may not be readily apparent in animals that are
reacting to external visual or acoustic stimuli in the
laboratory environment. Furthermore, drug-induced
central nervous system effects, or any other drug-
induced effect that impacts the animals’ well-being
(e.g., anxiety, gastrointestinal disturbances, etc.) may
result in secondary effects on the cardiovascular sys-
tem. These aspects can introduce a substantial amount
of variability in the cardiovascular parameters mea-
sured, such as heart rate. Given the reliance of the QT
interval duration on heart rate, a variable heart rate can
also lead to challenges for the analysis and the assess-
ment of proarrhythmic potential due to delayed ven-
tricular repolarization. With the use of conscious
animals, the amount of training needed to achieve the
desired basal physiological conditions is associated
with increased time, effort and, consequently, expense.
Therefore, despite the preference for conscious animal
studies for the safety pharmacological evaluation
of new drugs, including the cardiovascular system,
these models are complex and need a considerable
amount of time and effort to conduct them optimally.
Models using anesthetized animals are usually simpler
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and highly stable models, in which a variety of inva-
sive measurements (e.g., cardiac output, ventricular
function, regional blood flow, etc.) can be made,
that are not easily accessible in the conscious animal.
Thus, there is still an important role for the use
of anesthetized animals, particularly in the study of
cardiovascular effects of drugs such that this type of
model is still included in this text.

4.1.1.2 Animal Reuse and Dose Selection

The use of conscious animals for conducting cardio-
vascular safety pharmacology studies introduces the
possibility of reusing animals. Techniques are avail-
able for obtaining the basic cardiovascular data (heart
rate, arterial blood pressure, ECG, and even left ven-
tricular pressure and LVdP/dt) without affecting the
health status of the animal and without the need to
euthanize the animal at the end of the study. The
possibility of reusing animals will be affected by the
doses of test article selected for use in the safety
pharmacology studies. The ICH S7A guideline states
that doses should include and exceed the therapeutic
range with the goal of defining the dose-response
relationship of any adverse effect observed. In prac-
tice, studies are typically designed to include therapeu-
tically relevant doses of the test article and predefined
multiples based on the expected side effect profile and
needed therapeutic window for a given clinical indica-
tion. The dose applied should always be related to the
actual plasma drug concentration achieved. Since
drug-induced effects are most likely to coincide with
the peak plasma drug concentration reached, the
Cmax is usually the most relevant pharmacokinetic
parameter for safety pharmacological assessments.
The duration of the exposure is of interest to correlate
to the reversibility of a given effect. As an example,
a maximal dose could be selected to achieve a 30-fold
higher plasma drug level than anticipated for therapeu-
tic use for a non-life-threatening clinical indication.
Alternatively, one may target a lesser maximal
plasma drug level for compounds used to treat a
life-threatening disease, where side effects may be
acceptable when the overall benefit-risk assessment is
positive. Additionally, for cytotoxic agents, one should
seriously consider the use of an anesthetized animal
model in which higher doses can be given without the
fear of causing the animals distress and they are eutha-
nized while still anesthetized. The study design in
conscious animals should avoid discomfort or pain
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for the animals used, as emphasized in the ICH S7A
guideline. Furthermore, safety pharmacology studies
are usually single-administration studies in which
effects, when seen, are usually fully reversible such
that after an appropriate washout of the test article, the
animals are suitable for use in further studies. This
results in a reduction in the number of animals needed
for conducting safety pharmacology studies but does
introduce the need to monitor the health status of the
animals to qualify them for further use.

4.1.1.3 Species Selection
The ICH S7A guideline proposes the use of relevant
animal models without explicitly stating which animal
species are most appropriate for use. For the cardiovas-
cular evaluation of new drugs, the dog has been
the preferred species in the past, and there is a wealth
of comparative data available from studies performed
using the dog (Gralinski 2003). As such, it is likely
that the dog will remain the preferred species for
such studies despite ethical pressure to limit the use of
companion animals for drug testing. Use of the dog may
be of particular advantage when the dog is also
the species used for toxicological studies. Nevertheless,
other animal species including the minipig, and
nonhuman primates are considered to be appropriate
models for cardiovascular safety pharmacology studies.
The rat is also a useful species for conducting car-
diovascular safety pharmacology studies. However,
since the evaluation of the electrocardiogram is an
essential element of a safety pharmacology cardiovas-
cular assessment, the rat is in this regard not ideal. The
rat is not a suitable species for testing the effects of
a drug on ventricular repolarization since its repolari-
zation is not dependent upon IKr and IKs, as in larger
mammalian species, but rather on I,. Despite this
limitation, the rat still is an attractive cardiovascular
model for detecting effects on arterial blood pressure
and heart rate, on the autonomic nervous system, or
even other types of arrhythmia not related to altered
ventricular repolarization. Technology is available for
studying rats in the conscious state, and they may also
be reused, as mentioned above in conjunction with
dogs or other larger animals. The use of the rat as
a cardiovascular model is probably best suited for
early pharmacological testing of drug candidates and
may provide useful data for lead optimization at a time
when amounts of a given test article are not adequate to
perform studies in the larger species used as
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cardiovascular models. Finally, since the rat is still a
standard species for toxicological studies, there is inter-
est in knowing the cardiovascular effects of a test article
in that species. Therefore, the conscious rat model is
included in this text as providing a useful cardiovascular
safety pharmacology model. Alternately, the guinea pig
can be used for specific studies of effects on ventricular
repolarization and offers interesting and relevant
models for early detection QT prolongation and
proarrhythmic properties (Yao et al. 2008) which may
be particularly useful in early stages of development.

4.1.1.4 In Vitro Studies for
Electrophysiological Effects
There is a clear association between drug-induced QT
prolongation and arrhythmia and the blockade of myo-
cardial IKr. This suggests the measurement of drug
effects on IKr or a model mimicking IKr in studies
in vitro. The minimal requirement for addressing the
risk of QT-based arrhythmia appears to be two study
types: (1) effects on IKr, the specific myocardial mem-
brane current thought to be mechanistically responsible
for most drug-induced QT prolongation and (2) effects
in vivo on the QT interval of the electrocardiogram
from an appropriate (i.e., nonrodent) animal model,
the currently used biomarker for proarrhythmic risk.
The CPMP “points to consider” paper of 1997 (The
European Agency for the Evaluation of Medicinal
Products. Human Medicines Evaluation Unit. Com-
mittee for Proprietary Medicinal Products 1997)
pointed out that a thorough electrophysiological char-
acterization of a drug requires evaluation on multiple
levels of physiological complexity. In particular, the
assessment of the effects of a drug on the myocardial
action potential is an important link between the pos-
sible effects on a single ion channel type (such as
hERG) and the consequent effects seen in the electro-
cardiogram (such as QT prolongation). Models using
isolated Purkinje fibers, papillary muscles, myocardial
wedge preparations, or even isolated hearts were pro-
posed to allow one to assess the effects of a drug on the
integrated electrophysiology of the heart. These types
of models have been shown to detect the effects of
many of the known proarrhythmic agents that cause
their action through action potential prolongation.
However, comparative evaluations, most notably that
organized by ILSI (International Life Sciences Insti-
tute), provided data suggesting that not all of the know
proarrhythmic agents produced effects that could be
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easily detected in the dog Purkinje fiber model. The
observation of such false-negative results leads to
dropping this model as a mandatory study type. Never-
theless, the usefulness of this type of model is still
acknowledged, and these studies may play an important
role for early drug discovery in providing a more thor-
ough risk assessment at a time when in vivo studies are
still not feasible due the lack of adequate amounts of
a test article. Thus, both in vitro study types (IKr and
similar models, and myocardial action potential
models) are included in this text.

4.1.1.5 Models of Repolarization-Dependent
Arrhythmia

Perhaps the most convincing evidence that a drug is
proarrhythmic would be to show a dose-dependent
increase in the incidence of a torsades de pointes—like
arrhythmia in an animal model. Indeed, the ICH S7B
guidance also acknowledges the theoretical interest in
the use of this type of model. However, due to the
complexity of both these experimental models and
their unclear relationship to a proarrhythmic activity
clinically, there is no requirement to provide such data.
Rather, there is simply the call for a further develop-
ment of these types of models to determine their pre-
dictive value for risk in humans. There are a few
models that appear to be useful, should one choose to
evaluate proarrhythmic action of a drug directly, and
these will be presented in this text. Whereas these
models are not considered to be part of the basic
cardiovascular safety pharmacology evaluation of
a drug, they may be useful as follow-up studies.
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4.2 In Vivo Experimental Models for
Cardiovascular Safety
Pharmacology

4.2.1 Cardiovascular Safety Studies in
Conscious Dogs and Other Species

PURPOSE AND RATIONALE

The preferred model for performing safety pharmacol-
ogy studies on the cardiovascular system according to
the ICH S7A guideline is the conscious animal under
unstressed, physiological conditions (The European
Agency for the Evaluation of Medicinal Products.
Human Medicine Evaluation Unit 2000). This includes
the evaluation of drug-induced effects on systemic
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arterial hemodynamics and the electrocardiogram.
Important cardiovascular parameters are, however,
only accessible through invasive measurement tech-
niques that can interfere with the physiological status
of the animal subject. Telemetry-based systems allow
one to monitor hemodynamic parameters including
heart rate, arterial blood pressure, and the ECG (and,
with some systems, left ventricular blood pressure and
left ventricular dP/dt) with the animals in their home
cage thereby serving to reduce the stress associated
with the collection of data. It should be noted that the
use of telemetry is not essential for the performance of
this type of study. For example, animals can be trained
to the laboratory environment such that they can be
examined using light restraint (e.g., sling or chair)
under physiological conditions.

PROCEDURE

There are two commonly used full-implant telemetry
systems employed for this type of study (Data Science
International (DSI), USA, and Integrated Telemetry
Services (ITS), USA). They typically measure arterial
blood pressure and a single electrocardiogram, but
they can also be configured for the measurement of
left ventricular pressure or multiple ECG leads.
A single ECG lead with clearly definable wave forms
is usually sufficient for detecting drug-induced effects,
however. Beagles are frequently used for these studies,
but larger dogs have the advantage of a simplified
implantation procedure and, in general, lower heart
rates at the time of the subsequent studies. There is
some evidence that drug-induced effects on the QT
interval duration are more pronounced in females.
For the dog, this difference, if present, appears to be
very small and can be disregarded such that animals of
both sexes can be included in these studies. All animals
should be adequately trained for adaptation to their
home cage and laboratory environment prior to their
being instrumented.

4.2.1.1 Instrumentation

The chronic implantation of the telemetry systems is
a complex procedure requiring experience for the best
results. For the best results, it is highly recommended
to observe and learn the procedure at an experienced
laboratory prior to embarking on one’s own. The
detailed information is meant only to give the reader
a sense for the procedure and is not intended to be
prescriptive.
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The transducers of the telemetry implant are cali-
brated prior to implantation, and the unit is sterilized
using a low-pressure ethylene oxide process.

Dogs are anesthetized with a combination of
Rompun (xylazine hydrochloride, 1 ml/10 kg, i.v.) and
Ketavet (ketamine hydrochloride, 0.7 ml/10 kg, i.v.)
after premedication with Temgesic (buprenorphine,
0.2 mg/kg i.m.) and ventilated with 66% N,O and 33%
O, and 1% isoflurane. All procedures are performed
under aseptic conditions using sterilized equipment.

For this example, the implantation of a T27 unit from
ITS is described. The dog is placed in a lateral recum-
bency with the left side facing the surgeon. An incision
is made in the fifth intercostal space, beginning from the
dorsal tip of the scapula for approximately 20 cm. The
latissimus dorsi, serratus dorsalis, and iliocostalis
thoracis muscles are divided using a scalpel. The inci-
sions are then covered with saline-soaked gauze. The
battery and transmitter of the implant are positioned by
making an 8-cm incision right-angled on an imaginary
line between the sternum and the end of the costa
fluctuans. A small pocket is opened between the exter-
nal and internal oblique abdominal muscle layers, just
large enough to place the battery (dorsal) and the trans-
mitter (ventral) inside this “pocket.” The pocket is
closed using sutures of 2-0 vicryl (V517H) stitches.
A pocket is opened for the switch-on antenna that is
placed under the skin. The cables with both pressure
transducers and ECG leads extending from the ven-
trally implanted transmitter are guided subcutaneously
to the lateral incision. The antenna used to send the
telemetry signals is guided subcutaneously from
the ventral transmitter location dorsally toward the
spine and then runs parallel to the spine for ~25 cm.
The distal end is fixed in place with a suture. The small
incisions required to place the antenna are then closed,
and the initial ventral incisions required for battery and
transmitter placement are closed.

The aortic pressure transducer is implanted next. The
intercostal muscles are incised. A rib retractor is then
inserted and gently and gradually opened to give the
required access. Lung lobes are packed away with
saline-soaked gauze to expose the aorta. The 5-cm seg-
ment of the descending aorta is then isolated to allow
implantation of the aortic pressure transducer. The iso-
lated segment is partly clamped proximally and distally
to maintain blood flow underneath the clamp. A
microscalpel is used to make a hole in the aortic wall,
and the pressure transducer is introduced via this hole
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into the aorta using a Russian forceps. The transducer is
sutured into place, and blood flow is restored.

The left ventricular pressure transducer is then
implanted. The pericardium is opened so that the
apex of the heart is exposed. The heart is gently held
in one hand, and two stitches in the ventricular wall for
fixation are made. A purse-string suture is made
around the apex. A sharp spike is then placed into the
apex of the left ventricle, and the transducer is placed
into the ventricle and sutured firmly in place.

The lung is then inflated, and the intercostal muscles
are sutured closed. The ECG lead is then fixed close to
the sternum in the sixth intercostal space. The muscle
layers are then closed, and the lungs are inflated once
more to displace all residual air. The skin is then closed.

The gas anesthesia is then turned off, all incisions
are treated with topical antibiotics and dressed, and
dogs are allowed to wake up. Animals are extubated
when their swallow reflex has returned. Analgesics
and antibiotics (Temgesic and Tardomycel,
benzylpenicillin-benzathine, and benzylpenicillin-
procaine) are administered for 7 days following the
procedure. Dogs are allowed to recover for 14-21 days
before experiments using test substances are initiated.

Studies are conducted with the animals in their
home cages that have been equipped with antennae to
pick up the transmitted physiological signals. Drugs
can be treated orally, intravenously, subcutaneously, or
inhalatively (Markert et al. 2004). After treatment,
dogs are returned to their home cages for the duration
of the study that can last up to 24 h if needed. This is
usually based on the duration of the expected drug
exposure or possible pharmacological activity of the
test article. Longer studies should allow for feeding of
the animal and water should be available ad libitum.

4.2.1.2 Experimental Design
Studies can be conducted as group comparisons if suf-
ficient numbers of animals are available. Alternatively,
the use of a Latin square crossover experimental design
allows for studies with fewer animals (e.g., N = 4).
The experiment starts after an equilibrium period of
60-120 min to allow the dogs to acclimate to the
measurement pens. The administration of the test com-
pound is started after a 30—45 min control period.
Experiments involving intravenous infusions or fre-
quent blood sampling are performed in smaller cages
to allow close monitoring of indwelling catheters.
Continuous measurements should not, however,
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exceed 6-8 h without allowing for a short pause for
exercise. Continuous measurements for up to 24 h are
acceptable if the animals can be kept in larger cages.

EVALUATION

The hemodynamic and ECG parameters include sys-
tolic, diastolic, and mean aortic pressure; aortic pres-
sure peak; systolic and end-diastolic left ventricular
pressure; left ventricular pressure LV dP/dt max and
dP/dt min; heart rate; and PQ, QRS, and QT intervals.
NOTOCORD-software (or equivalent) is used for
acquisition of data, whereas Excel (or equivalent) is
used for data analysis. Data are summarized
at predefined time points by calculating median
values + SD. Of particular interest are time points
corresponding to the time of Cmax.

4.2.1.3 Correction of the QT Interval for Heart
Rate Changes

The QT interval duration is heart rate dependent.
Correction of QT values for changes in heart rate is
the most common procedure used to discriminate drug-
induced changes in QT interval from physiologic
changes of heart rate (nycthemeral cycle, emotional
reactions) or direct or indirect drug-induced effects on
heart rate. The use of correction formula derived from
clinical data (Bazett, Fridericia, etc.) is not appropriate
for use with dog ECGs. Individual correction of QT
interval is now the preferred way to derive any
QT heart rate correction. The principle of individual
correction involves the establishment of individual
QT/RR relationships for each animal during
a treatment-free period. A 24-h period is usually suffi-
cient to characterize QT values achieved at low heart
rate levels, usually during the night period or at high
heart rate levels during the daylight periods of activity.
The slope of the QT/RR relationship is then derived
individually for each animal and used in a correction
formula to achieve a null slope when applied to the
treatment free QT/RR relationship. The latest refine-
ment of individual correction methods is the probabi-
listic method (Holzgrefe et al. 2007) and an individual
correction method (Markert et al. 2011). In addition to
individual correction, this method involves calculation
of mean QT and RR values from a large number of
successive beats, 250 beats at least in dogs for each
time points. Its main advantage is to markedly reduce
QT interval variability related to the autonomic ner-
vous system rhythms and to the hysteresis phenomena
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(delayed adaptation of QT interval due to rapid heart
rate changes). The probabilistic method achieves
a sensitivity threshold less than 10 ms for the QT
interval in conscious dog studies, i.e., similar to that
obtained in clinical trials.

The QT interval is also dependent on body tempera-
ture. In conscious dogs, mean changes in the QT interval
of 14 ms per degree of changes in body temperature
have been reported (Van der Linde et al. 2008). Conse-
quently, body temperature is a parameter that should
always be recorded in parallel to QT interval measure-
ments in conscious dogs for an accurate and reliable
interpretation of cardiovascular safety studies.

4.2.1.4 Drug Exposure

It is essential to relate any drug-induced effect to the
plasma drug levels achieved. It is possible to take
blood samples during this type of study, but it must
be accepted that this disrupts the hemodynamic status
of the animals for up to 30 min. An alternative
approach is to conduct pharmacokinetic studies in
the same animals (or other similar animals) on
another day.

4.2.1.5 Animal Reuse

Animals instrumented for this type of study may be
reused. Since the instrumentation is fully implanted
without externalization of wires or catheters, there is
little risk of developing sepsis after successful implan-
tation. The batteries are designed to provide long life
well in excess of a year. After the completion of
a given study and an appropriate washout time, further
studies can be conducted. This is facilitated by the fact
that studies are typically single-administration studies
using doses that are not intended to cause irreversible
effects. The qualification of animals for subsequent use
should be based on the health status of the animals.
Given the ease of obtaining hemodynamic data from
these animals, one can maintain historical data on heart
rate and blood pressure, parameters that are sensitive to
the overall well-being of the animal. Additionally,
clinical chemistry parameters can be monitored to
detect possible effects on kidney and liver function.

MODIFICATIONS OF THE METHOD

4.2.1.6 Species
Similar telemetry-based cardiovascular safety pharma-
cology studies can be conducted in minipigs
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(Stubhan et al. 2008) and monkeys (normally
Macaca mulatta (rhesus) or Macaca fascicularis
(cynomolgus), Authier et al. 2007). These two alterna-
tive species are of interest due to their use in toxicology
studies where the dog is deemed inappropriate. The
main technical disadvantage when using freely moving
cynomolgus monkeys is the poor quality of ECGs
when using subcutaneous electrodes which does not
allow automated calculation of cardiac conduction
times. For this species, epicardial placement of ECG
leads or the ITS telemetry system is highly
recommended to achieve an optimal quality of ECGs,
enabling automation of determination of the QT inter-
val (Holzgrefe et al. 2007). Pharmacological sensitiv-
ity to drugs causing QT prolongation in the
cynomolgus monkey is close to that of beagle dogs
(Champeroux et al. 2011). In cases of autonomic ner-
vous system—mediated tachycardia, drug-induced QT
prolongation might be masked or markedly reduced in
conscious dogs (Champeroux et al. 2010). In such
a situation, cynomolgus monkeys offer an interesting
alternative animal model since this species seems to be
less sensitive than dogs to effects of the autonomic
nervous system on the QT interval duration.

Whereas rats are also used in toxicological studies,
they are not appropriate for use in cardiovascular
safety pharmacology studies since they are not sensi-
tive to drug-induced effects on ventricular repolariza-
tion dependent upon a blockade of the myocardial
rectifying current IKr. Rats may nevertheless prove
useful for detecting hemodynamic effects of drugs,
particularly early in drug research when amounts of
test article may be limited (see below).

The guinea pig has been shown to demonstrate
drug-induced effects on the QT interval duration
(Hamlin et al. 2003) and is suitable for use with telem-
etry-based systems. However, their intolerance of arte-
rial catheters limits their use for simultaneously
measuring arterial blood pressure.

4.2.1.7 Critique of the Method

The telemetric assessment of cardiovascular effects of
drugs is considered the gold standard model for safety
pharmacology studies. Animals can be studied in
optimized, physiological conditions with neither anes-
thesia-dependent effects nor with the possible interfer-
ence from other external influences. This is thought
to best mimic a clinical setting and thereby best dem-
onstrate possible drug-induced effects. The reuse of
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animals instrumented for the telemetric assessment of
cardiovascular parameters also allows for a reduction
in the numbers of animals needed for such studies. The
disadvantages of this experimental approach relate
primarily to the costs for establishing and maintaining
such a system, as well as the dedicated laboratory
space required. Furthermore, a high level of training
is required, particularly for the successful implantation
of the telemetric equipment. Due to the fact that data
can be collected continuously for a long period of time,
attention has to be paid to the manner in which the
collected data is collected, reduced, managed, and
statistically evaluated.
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4.2.2 Cardiovascular Safety
Pharmacology Studies in
Anesthetized Dogs and Other
Species

PURPOSE AND RATIONALE
The basic parameters needed for a safety pharmacology
evaluation of possible cardiovascular effects of drugs
include heart rate, arterial blood pressure, and the elec-
trocardiogram. These parameters can also be measured
in anesthetized dogs or other appropriate animal spe-
cies. One must recognize the potential influence of the
anesthesia on the parameters measured, but this type of
experimental model offers certain advantages. The use
of an anesthetized animal allows for more invasive
techniques to be applied, thereby giving a more in-
depth evaluation of possible drug effects on heart and
vascular function in a variety of perfusion beds. A well-
performed study using an anesthetized animal model is
characterized by a highly stable hemodynamic state
with very low variability of the measured parameters.
This translates into a high sensitivity for detecting
possible drug-induced effects. The oral route is, how-
ever, not accessible in the anesthetized animals
although intraduodenal administration may provide
a reasonable alternative administration route if intrave-
nous administration is not feasible or desirable.
Measurements possible in this model include end-
diastolic and systolic pressure of the left ventricle,
contractility of the heart (usually using peak positive
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LVdP/dt or LVdP/dt at a developed pressure of
40 mmHg), heart rate, cardiac output, and arterial
blood flow in a given local perfusion bed. Test com-
pounds can be classified in terms of a variety of phar-
macological actions:
« Positive and negative inotropic effects
e Arrhythmogenic effects
« Hyper- or hypotensive effects
e Tachycardic or bradycardic effects

In summary, despite the preference for studies in
conscious animals stated in the ICH S7A guideline, the
use of anesthetized animals for assessing cardiovascu-
lar effects of drugs is a valid and useful approach with
a variety of practical advantages in comparison to
conscious animals.

PROCEDURE
Male or female dogs weighing between 15 and 25 kg
are used. Various anesthesia regimens are appropriate
for conducting this type of study including injectable
anesthetics (e.g., pentobarbital, alpha-chloralose)
as well as inhalative anesthetics (e.g., isoflurane).
Animals are ventilated mechanically, and blood gas
parameters should be monitored to confirm appropriate
ventilation rate and depth. Venous and arterial cathe-
ters are placed either in the neck (A. carotis,
V. jugularis) or groin (A. femoralis, V. femoralis) for
vascular access and the measurement of arterial blood
pressure (using external pressure transducer),
blood sampling, and intravenous administration of
test compounds.

Left ventricular pressure can be measured by use of
a catheter-tip micromanometer placed in the left ven-
tricle through the carotid artery. Alternatively, left
ventricular pressure can be measured with a pressure
transducer placed directly into the ventricle through
the apex and secured with a purse-string suture; how-
ever, this approach requires a thoracotomy. The use of
a solid-state manometer, as opposed to a fluid-filled
catheter, is essential for the measurement of left ven-
tricular pressure when one also wants to assess myo-
cardial contractility using LV dP/dt, the derivative of
the left ventricular pressure signal. Fluid-filled catheter
systems do not have a frequency response capable of
capturing subtle changes in LV dP/dt and give damped
measurements.

Cardiac output can be measured using dye- or
thermal-dilution techniques or by placement of an
electromagnetic flow probe around the pulmonary
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artery. Insertion of a pressure transducer or fluid-filled
catheter into the pulmonary artery and pulmonary vein
allows for the calculation of pulmonary vascular resis-
tance. The measurement of flow through the proximal
aorta may also be useful but does not include coronary
blood flow and as such is not equivalent to total cardiac
output. Selective arterial blood flow can be measured
using either electromagnetic or Doppler flow probes
around the vessel of interest. Commonly measured
regional flows include coronary (circumflex or anterior
descending arteries), femoral artery, or renal artery
blood flow.

The electrocardiogram can be obtained using stan-
dard limb leads and/or precordial leads. A lead should
be selected that is stable over time and that has a sharp
demarcation at the end of the T wave to facilitate the
measurement of the QT interval duration. One can also
position a monophasic action potential electrode cath-
eter through the femoral or carotid artery to obtain
endocardial monophasic action potentials (see below
Modification of the Method).

4.2.2.1 Experimental Course

It is imperative to allow sufficient time after the instru-
mentation is complete to achieve a stable, steady-state
hemodynamic condition prior to administering a test
compound. Continuous monitoring of arterial blood
pressure and heart rate should demonstrate no changes
in the parameters measured for at least 20 min. A test
article can then be applied by the chosen route (intra-
venous, intraduodenal, inhalative) in doses appropriate
for the compound. Sufficient time is then allowed for
the development of any hemodynamic effects, if any
(usually at least an additional 20-30 min), and further
higher doses of the test article can then be adminis-
tered. It is advisable to take blood samples at the end of
each dosing interval for the determination of drug
levels. The overall duration of the study can last for
hours if care is taken to keep the animal’s body tem-
perature in a normal range and to replace fluids through
the intravenous administration of warmed saline or
other suitable volume replacement. Whereas possible
drug-induced effects can be assessed by comparing
data at each dosing interval to the pretreatment mea-
surements, it is advisable to include a vehicle-
treatment arm in which animals are treated identically
but with an equal volume of the vehicle used. This is
particularly important when excipients are needed to
keep the test article in solution.
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4.2.2.2 Parameters Measured

The following parameters should be measured in all

studies:

1. Heart rate (HR) (beats/min)

2. Arterial blood pressure (BP, diastolic and systolic,
mean) (mmHg)

3. Electrocardiogram (PR interval, QRS duration, QT
interval) (ms)

If used, the following additional measurements can
yield additional insight into possible drug actions:

1. Left ventricular end-diastolic (LVEDP) and peak
systolic pressure (mmHg)

2. LV dP/dt or LV dP/dtyo (mmHg/s)

3. Cardiac output (CO, ml/min)

4. Regional arterial blood flow (ml/min)

Other parameters can be calculated from those mea-
sured including:

1. Stroke volume (SV = CO/HR) (ml)
2. Total peripheral resistance (TPR = BPm/CO x

79.9) (dyn s/cm’)

3. Left ventricular stroke work (LVSW

(BPm-LVEDP) x SV x 0.333 x 107%)

4. Left ventricular minute work (LVMW = LVSW x

HR)

Studies are typically conducted with at least four
animals per treatment group (active vs. vehicle).
Statistical analysis can be done using an analysis of
variance for repeated measures.

4.2.2.3 Critique of the Method

Until the appearance of the ICH S7A guideline, this
experimental approach was the most common for
studying drug-induced effects on the cardiovascular
system and was specifically mentioned in the Japanese
guidelines for general pharmacology as the standard
test. As such, there is a vast amount of experience with
this type of study and a large amount of comparable
data available. The primary reason why anesthetized
animal models lost their primary role in pharmacolog-
ical studies was due to the recognition of the possible
effects of, particularly pentobarbital, anesthesia on
ventricular repolarization and therefore on drug-
induced effects on the measured QT interval duration
(Bachmann et al. 2002; Weissenburger et al. 2000).
Nevertheless, a well-performed study using anesthe-
tized animals, as supported recently by the Japanese
PRODACT investigators (Tashibu, et al. 2005), can
provide a useful and sensitive model of detecting drug-
induced effects on the QT interval duration.
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Furthermore, some drug-induced cardiovascular
effects, in particular on blood pressure, might be
masked because of baroreflex-mediated compensatory
mechanisms. Interestingly, most anesthetics reduce
baroreflex sensitivity and might offer favorable condi-
tions for detection of such important properties. The
use of anesthetized animals becomes particularly inter-
esting when heart rate is affected in conscious animals,
because of possible interferences of direct or indirect
neurobehavioral effects, direct cardiac effects, or
baroreflex-mediated compensatory mechanisms.

MODIFICATIONS OF THE METHOD
Pigs (juvenile farm pigs or minipigs) may be used for
this type of study and is an attractive alternative if the
dog is not suitable for any reason. Adult domestic pigs
are difficult to use due to their size, such that if adult
animals are preferred, one of several breeds of mini- or
micropigs may be used. The induction of anesthesia is
different than with the dog, and typically, an intramus-
cular sedative is administered first (e.g., ketamine)
followed by the anesthesia used for the remainder of
the study. Halothane anesthesia should not be used in
pigs due to a high incidence of hyperthermic reactions.
Hey et al. (1996) analyzed the ECG wave in anes-
thetized guinea pigs to determine QT interval, QTc
interval, PR interval, QRS interval, and heart rate after
the administration of the second-generation antihista-
mines ebastine and terfenadine. In separate studies in
conscious guinea pigs, the effect of oral ketoconazole
on the ECG parameters after oral ebastine and
terfenadine was studied. Fossa et al. (2007) have
assessed electrophysiological and hemodynamic effects
of antidepressants in anesthetized guinea pigs.
Measurement of the monophasic action potential
(MAP) in anesthetized dogs for evaluation of
arrhythmogenic activity of drugs was recommended
by Usui et al. (1998) and Weissenburger et al. (2000).
A quad-polar electrode catheter is inserted through
the left femoral artery and positioned at the noncoronary
cup of the aortic valve to record a His bundle electro-
gram. A bidirectional steerable monophasic action
potential (MAP) recording/pacing combination catheter
is inserted through the left femoral vein and positioned
at the endocardium to obtain MAP signals. The signals
are amplified with a DC amplifier.
The amplitude of MAP is measured as the distance
from the diastolic baseline to the crest of the MAP
plateau phase. The duration of the MAP signal is
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measured as an interval from the MAP upstroke to the
desired repolarization level along a line horizontal to the
diastolic baseline. The interval (ms) at 90% repolariza-
tion is defined as MAPg,. The heart is driven electrically
through the pacing electrodes of the combination cath-
eter. Stimulation pulses are rectangular in shape, about
twice the threshold voltage (1.5-2.2 V) and of 1-ms
duration. The MAPy is measured during sinus rhythm
(MAPy(sinus)) and at a pacing cycle length of 400 ms
(MAPy((400)) and 300 ms (MAPy(300)).

The effective refractory period (ERP) of the right
ventricle is assessed with a programmed electrical
stimulator. The pacing protocol consists of eight
beats of basal stimuli in a cycle length of 400 ms
followed by an extra stimulus of various coupling
intervals. Starting in late diastole, the coupling interval
is shortened by 5-10 ms steps until refractoriness
occurs. The difference ERP-MAP(400) is calculated
to predict the vulnerability of the myocardium.

The amplified MAP signals together with systemic
blood pressure, left ventricular pressure, heart rate, and
ECG are continuously monitored using a high-fidelity
recording system or electronically.
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4.2.3 Cardiovascular General
Pharmacology Studies in Conscious
Rats

PURPOSE AND RATIONALE

There is a clear preference for performing safety phar-
macology studies for drug effects on the cardiovascu-
lar system in a nonrodent species in order to capture
possible effects on ventricular repolarization. Never-
theless, it must be acknowledged that there may be
great value in conducting studies to examine drug
effects on the cardiovascular system in smaller animals
such as rats. One reason is that toxicity studies are
conducted in rats, and drug effects on cardiovascular
parameters in rats is of relevance to such studies.
Furthermore, cardiovascular studies in nonrodents
(usually the dog) require substantially more com-
pounds than studies in rats. Therefore, as part of the
lead optimization, selection, and development process,
cardiovascular studies in rats can be invaluable.

4.2.3.1 Telemetry System

Cardiovascular parameters such as arterial blood
pressure and heart rate can be measured in conscious,
free-moving rats using commercially available radio-
telemetry systems (Deveney et al. 1998). Such systems
include (1) an implantable transmitter with battery
capable of sending the pressure signal from a fluid-
filled catheter implanted into the abdominal aorta,
(2) a receiver unit that detects the transmitted signal
and converts it into a digital format, (3) a pressure
reference module that adjusts the measured aortic pres-
sure for atmospheric pressure, and (4) data acquisition
software for data storage and computation.

The rats are anesthetized and undergo a one-time
aseptic procedure to implant the aortic catheter distal
to the renal arteries. The catheter is secured using
cyanoacrylate glue. The transmitter and battery unit
are placed in the abdomen and attached to the abdom-
inal musculature using a suture. After closure of the
surgical wound, the animals are given sufficient time to
recover from the procedure before being used in
a study, usually at least 1 week.

4.2.3.2 Experimental Procedure

Rats can be studied while still in their home cage.
However, since the transmitter frequency used is the
same for all animals, they must be held alone during
the study. This means that in most cases, the rats are
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moved from multiple housing cages to single cages for
the duration of a study. The cages are placed directly on
the receiver units to provide a close contact between the
receiver and the animal. The transmitters are turned on
before starting the study; the transmitter units can be
turned on and off using a magnet thereby lengthening
battery life. A control period of up to an hour allows the
animals to acclimate to the environment and to provide
a steady state prior to administration of a test article. The
oral administration of compounds is most convenient in
rats, using gavage, but intravenous and intraperitoneal
administration is also feasible. Inhalative administration
of compounds is also possible by nebulizing the com-
pound into a small exposure box or through the use of an
application system bringing the nebulized compound to
the nose of the animal. The initial 15-30 min following
the administration of a compound is affected by the
excitement inherent with the administration process.
Usually within a half hour, the animals have returned
to a relaxed hemodynamic steady state.

4.2.3.3 Study Design
Studies can be conducted with a group comparison or
with crossover design. Individual parameters can be
averaged over predefined time periods, but it may not
always be possible to predict the time of drug-induced
effects. Also, in freely moving animals, drug-induced
changes may not be continuous, but there may be
overall changes that may be missed if one assesses
only short time periods. An alternative approach is to
calculate areas under the parameter-time curve and test
for drug-induced effects. In this way, the analysis is not
restricted to a given time point. With crossover design,
an appropriately long washout phase is needed
between treatments. A treatment arm with vehicle is
also useful to demonstrate the stability of the system.
Measurements can be made continuously or at regular
intervals as long as desired. Water is usually provided
ad libitum, and food can be given should the measure-
ments be needed over an extended time period.
Instrumented animals may be reused after appropri-
ate washout periods on the assumption that the com-
pounds in the doses tested cause no reversible damage.
Since the cardiovascular parameters measured are sen-
sitive to the overall well-being of the animals, changes
in baseline conditions should be examined for detecting
possible compound-related toxicities. Assuming such
toxicities are not observed, animals can be maintained
for over 1 year with appropriate care.
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MODIFICATIONS OF THE METHOD

Due to the fact that whole body plethysmographs for
rats are constructed out of plexiglass, they can be used
in conjunction with telemetry systems without inter-
fering with the transmitted signals. Therefore, this
offers the opportunity to combine studies for determin-
ing cardiovascular function using telemetry, with
whole body plethysmograph studies for simulta-
neously measuring respiratory function (Schierok
et al. 2000).

4.2.3.4 Critique of the Method

The most important limitation of the rat as cardiovas-
cular model for safety pharmacology studies is its lack
of utility for detecting hERG-related drug effects.
Whereas this is a substantial limitation, there are nev-
ertheless other drug-induced effects that can be
observed in the rat model including arterial blood
pressure, heart rate, and contractile ventricular func-
tion. The rat, due to its rather small size, requires
substantially less compound to perform a study in
comparison to that what is needed for larger animals.
Thus, this model can be used at an earlier time during
drug optimization and selection when amounts of
a given test compound are limited. One should keep
in mind, however, that a rat instrumented for telemetric
collection of cardiovascular data, if kept for longer
periods of time, grows considerably in comparison to
the “typical” laboratory rat and can grow to over 800 g.
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4.2.4 Assessment of Effect on the
Autonomic Nervous System in
Conscious Rats

PURPOSE AND RATIONALE

Serious side effects can be expected from drugs able to
impair the autonomic nervous system. The main risk is
orthostatic hypotension for drugs which alter the
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baroreflex sensitivity, usually sympatholytic agents.
Sympatholytic drugs can also be responsible for bra-
dycardia as well as parasympathomimetic drugs. Con-
versely, parasympatholytics and sympathomimetics
can be expected to induce tachycardia. Mechanisms
involved in these interferences can be related to effects
on the central nervous system as well as to peripheral
effects on ganglionic systems and peripheral cardio-
vascular system. The conscious rat is an interesting
model to assess possible effects on the integrity of the
autonomic nervous system function because this spe-
cies exhibits a good equilibrium between the sympa-
thetic and parasympathetic components of the
autonomic nervous system, allowing detection of
both parasympatholytic/parasympathomimetic and
sympatholytic/sympathomimetic properties.

4.2.4.1 Assessment of the Baroreflex
Function

The integrity of the baroreflex function is assessed
under dynamic conditions by causing very short
decreases or increases in blood pressure (Rocchiccioli
et al. 1989). This procedure leads to the activation or
deactivation of the baroreflex system. In response to
such short hypotensive and hypertensive events, one of
the consequences of the activation/deactivation of the
baroreflex is to slow or accelerate the cardiac rate,
respectively. These short bradycardic or tachycardic
events are very well correlated to blood pressure
changes in terms of duration and amplitude. With this
technique, it is possible to activate or deactivate par-
tially or totally baroreflex function.

4.2.4.2 Experimental Procedure

Animals are instrumented with polyethylene catheters
in the femoral artery for blood pressure measurement
and the femoral vein for administration of vasoactive
agents. Surgery is performed under short anesthesia
with sodium pentobarbital (45 mg/kg, i.p.) 2448 h
before measurements. Arterial and venous catheters
are exteriorized at the neck, placed in the protective
sheath of a chest vest, and connected to a leak-proof
rotating joint system placed above the cage, leaving the
animals to move about freely. The baroreflex curve is
built by causing short-lasting hypotension and hyper-
tension alternately by bolus administration of
nitroprusside  (1-50 pg/kg) and phenylephrine
(1-25 pg/kg) respectively. A total of 15-20 points
over a period of 60—90 min is necessary to draw the
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baroreflex curve. The baroreflex curve is then fitted to
a sigmoid Emax model. The slope of the curve is an
index of the baroreflex sensitivity. The lower plateau
of the curve (blood pressure vs. heart rate) provides the
maximum slowing capacity of the heart in response to
hypertension. The upper plateau provides maximum
acceleration capacity of the heart in response to hypo-
tension. In rats, the lower and upper plateaus depend on
parasympathetic and sympathetic systems, respec-
tively. Consequently, changes in maximum slowing
or acceleration capacity allow a direct assessment of
drug effects on the autonomic nervous system.

4.2.4.3 Critique of the Method

Since 60-90 min is needed to construct the entire
baroreflex curve, this method is not useful for assessing
short-lasting effects (<1 h) on the autonomic nervous
system. Usually, drugs are given by the oral route, and
the baroreflex curve is constructed during the period
corresponding to Cmax. Alternatively, drug infusion
can be also used.

Although this method does not directly show signs
of orthostatic hypotension, it provides direct evidence
of the mechanism by which orthostatic hypotension
might occur. Most anesthetics impair baroreflex func-
tion. Since this method is conducted in conscious
animals, it provides direct assessment of drug effects
on the autonomic nervous system and baroreflex
sensitivity without the risk of interferences caused by
anesthetics.
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4.3 In Vitro Cardiac Safety

Pharmacology Models

In vitro studies are particularly useful in the context of
cardiac electrophysiology as most of the (oft-) targets
are distinct and clearly defined molecular entities with
known biophysical properties that are easily accessible
to modern molecular biology and single-cell electro-
physiology. For example, recent work has highlighted
the human ether-a-go-go-related gene (hERG)
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K* channel as the molecular target for a wide range
of drugs whose administration is associated with an
increased risk of an unusual life-threatening form of
arrhythmia known as torsades de pointes. hERG is
a potassium channel alpha subunit (coded by the
KCNH2 gene) that, as a tetramer, makes up the ion-
conducting pore of the channel responsible for IKr, an
important contributor to the delayed outward potas-
sium current. This suggests the evaluation of drug
effects on IKr or a model mimicking IKr in vitro as
part of a cardiovascular risk assessment. However, the
delayed outward potassium current in heart muscle
cells of several species including humans is comprised
of a rapidly (IKr) and a slowly (IKs) activating com-
ponent. Therefore, one should not forget that for spe-
cial structural classes or special primary targets,
screening for effects on different cardiac ion channels
(e.g., the substrate for IKs, KV7.1/minK, or a variety of
other channels) might be necessary.

The CPMP “points to consider” paper of 1997 (The
European Agency for the Evaluation of Medicinal
Products. Human Medicines Evaluation Unit. Com-
mittee for Proprietary Medicinal Products 1997)
pointed out that a thorough electrophysiological char-
acterization of a drug requires evaluation on multiple
levels of physiological complexity. In particular, the
assessment of the effects of a drug on the myocardial
action potential is an important link between the possi-
ble effects on a single ion channel type (such as hERG)
and the consequent effects seen in the electrocardiogram
(such as QT prolongation). Models using isolated
Purkinje fibers, papillary muscles, myocardial wedge
preparations, or even isolated hearts were proposed to
assess the effects of a drug on the integrated electro-
physiology of the heart. These types of models have
been shown to detect the effects of many of the known
proarthythmic agents having a QT prolongation as
mechanism of action. However, comparative evalua-
tions, most notably one organized by ILSI (International
Life Sciences Institute), provided data suggesting that
not all of the known proarrhythmic agents produced
effects that could be easily detected in the dog Purkinje
fiber model (Hanson et al. 2006). It was then suggested
that this lack of sensitivity should lead to dropping this
model as a recommended study type. Nevertheless, the
usefulness of this type of model is still acknowledged,
and these studies may play an important role for early
drug discovery in providing a more thorough risk
assessment at a time when in vivo studies are still not
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feasible due the lack of adequate amounts of a test
article, in vivo PK data, or test article formulations.
Thus, both in vitro study types (isolated ion channel
studies, and the integrated action potential models) are
included in this text, although the action potential
models are not an absolute regulatory requirement.

In vitro models for cardiac safety are available at
several levels of complexity. The lowest level is
represented by ion channel assays that aim at studying
the interaction of a given test article with one isolated ion
channel type in a heterologous expression system. Due
to the strict focus on a single channel type, these assays
usually provide unequivocal answers. However, it may
be challenging to derive potential net effects in more
integrated systems from such data. Therefore, follow-up
in vitro assays may also be performed, for example,
using isolated primary cardiomyocytes, acute primary
tissue preparations, or whole acutely isolated organs.
The use of heterologous expression systems provides
the opportunity to study human channels, whereas pri-
mary cells, tissues, and organs need to be taken from
a suitable animal species with very few exceptions.
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4.3.1 “High-Throughput” hERG Assays
PURPOSE AND RATIONALE

The high number of drug-like small molecules
inhibiting the hERG channel suggests the need to
screen for this activity at an early stage of drug devel-
opment. Indeed, this could be even addressed by
screening drug libraries to identify compounds having
this potential. Alternatively, one might consider using
hERG activity as an early secondary screen of hits
emerging from a first high-throughput assay. In either
case, experimental approaches are needed that allow
the testing of large numbers of compounds thereby
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necessitating a high degree of automation. Several
test systems have emerged as potential high-
throughput approaches for detecting effects on the
hERG-mediated current IKr. It must be recognized,
however, that these relatively new technologies are
still in a development stage and have not gained accep-
tance by regulatory authorities. Nevertheless, they are
mentioned in this text, at least briefly, since they may
still provide useful approaches for early drug discov-
ery. Such techniques have been reviewed and critically
assessed previously (Netzer et al. 2001, 2003).

An important consideration when doing off-target
screening using an increased throughput format is how
this approach would drive decision-making. When
screening for primary targets, false negatives are usu-
ally less critical than false positives as these would
imply the waste of considerable follow-up work.
When screening for an off-target, false negatives
would lead to the very same situation and are very
likely to occur due to limited solubility when screening
at high concentrations or due to stickiness of lipophilic
compounds due to an unfavorable surface to volume
ratio of the liquid handling system.
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4.3.1.1 Binding Competition Assays

Assay Principle

The principle of this type of assay is to determine the
competitive binding of a test compound in comparison
to a radio-labeled compound known to be a high-
affinity ligand of the hERG channel. Radio-labeled,
potent blockers of hERG such as [3H]-dofetilide
(Finlayson et al. 200la, 2001b) or [*>S]MK-499
(Wang et al. 2003) can be used in conjunction with
myocardial cells, stably transfected cell lines, or mem-
brane preparations. With this approach, the hERG
channels are fully blocked with excess, for example,
[3H]—1abeled dofetilide. The test compound is then
incubated with the hERG-dofetilide system and can
compete for the binding sites initially occupied by
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dofetilide as a function of its potency for binding the
same site. The amount of displaced radioligand is deter-
mined in the supernatant by scintillation counting.

Critique of the Method

The test system has relatively low costs and can provide
a high throughput. However, compounds that block
hERG-mediated currents but do not compete for the
radioligand’s binding site will not be detected. Due to
the heterogeneity of chemical structures known to
block the hERG channel, it is assumed that many bind-
ing sites may exist. Moreover, this test system detects
binding but does not demonstrate any change in the
electrophysiological function of the channel proteins
used. Indeed, there are differences with respect to
results of electrophysiological assessments of drug
activity. Using a [*S]MK-499-based test system,
astemizole and terfenadine produce ICs, results that
compare favorably with electrophysiological record-
ings (Wang et al. 2003). In contrast, the measured
value for cisapride using this assay is threefold higher
than in electrophysiological studies, and MK-499 is
30-fold lower as compared to electrophysiological
data (Wang et al. 2003). Such discrepancies also appear
using a [*H]-dofetilide-based system and may even be
more pronounced. Thus, the specificity of the binding
site for the radio-labeled compound, versus the test
compound, may limit the usefulness of this approach.
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4.3.1.2 Two-Electrode Voltage Clamp

Systems Using Xenopus Oocytes
Assay Principle
In order to heterologously express ion channels,
oocytes are injected individually with cRNA encoding
for the channel protein of interest. Currents are studied
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using the two-microelectrode voltage clamp method:
Two sharp electrodes are inserted into the oocyte, the
first of which serves as a current injection electrode
and the second as a probe for membrane potential.
Voltage clamp is achieved by current injection con-
trolled by a feedback amplifier which compares actual
and command membrane potential. Ion channel inhi-
bition is determined by reduction of injected current in
relation to test item concentration. Voltage clamp
experiments on Xenopus oocytes can be performed
manually on single oocytes; however, systems have
been developed that provide automated cRNA injec-
tion and voltage clamp measurements in a 96-well
format (Leisgen et al. 2007). Although the 96 wells
still need to be addressed sequentially, a higher
throughput is possible as compared to manual systems.

Critique of the Method

Voltage clamping as a method to directly determine
channel activity is currently the best method to quan-
titate the pharmacology of test articles with respect to
ion channels. Heterologous expression in Xenopus
oocytes is particularly superior over mammalian
expression systems when a large variety of different
gene products are intended to be screened, as transient
expression is achieved by cRNA injection into individ-
ual oocytes. This saves the work of transient transfec-
tion or even establishment of a stable cell line for each
gene product as it would be necessary with mammalian
expression systems. Moreover, in most cases, a much
higher expression level can be achieved than with
a mammalian expression system. In the context of
delayed repolarization, the advantage of individual
injection of each oocyte with a suitable amount of
engineered cRNA could become relevant when a test
article’s differential action on various human geno-
types is to be determined or the analysis of the binding
mode of a particular test article is desired using point
mutations of putative binding sites.

However, it is known that in Xenopus oocytes,
pharmacology is usually right-shifted (i.e., higher con-
centrations of test article are needed for a given effect)
with respect to results from mammalian expression
systems, most likely due to the large amount of yolk
contained in the oocytes acting as a sink for the test
article, especially in case wherein it is highly lipophilic
(Witchell et al. 2002). Therefore, it is recommended to
cross-check results with a mammalian system and, in
case of a large shift, to use results not in absolute
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numbers but rather for rank ordering. In some cases,
measurements in Xenopus oocytes might even be
impossible because the right shift drives the needed
test article concentrations above their solubility limit.

Compared to the patch clamp technique (see
Sect. 3.1.4), voltage clamping with two electrodes
avoids the difficulties associated with seal resistance
to access resistance ratio and hence is better amenable
to automation.
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4.3.1.3 Automated Patch Clamp Systems
Assay Principle
New systems are currently in development that attempt
to incorporate the patch clamp technique (see
Sect. 3.2) into an automated and, thereby, higher-
throughput format. Whereas these systems cannot be
described as being truly high throughput, their goal is
to speed the study process through automation while
preserving the manner in which a study in
a mammalian expression system is usually conducted.
Thus, cells heterologously expressing hERG are used,
and a patch clamp methodology is applied. Patching of
the cells, addition of the test article, and most of the
data analysis is, however, done on an automated basis.
There are systems that run in the “whole-cell” mode
(see Sect. 3.2), whereas others are designed to gain
electrical access to the cells in the “perforated patch”
mode. In the “perforated patch” mode, the cell mem-
brane is not ruptured as in the “whole-cell” mode but
rather permeabilized using a pore-forming agent such
as amphotericin. In order to boost success rates and
current amplitude, systems have been developed which
patch clamp several cells in parallel (“population
patch”). For this method a vast excess of cells is needed
in order to make sure that all holes in the planar
substrate are occupied by a cell to prevent an empty
whole from acting as a short circuit.

Generally, all automated patch clamp systems
require cells in suspension.
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Critique of the Method

A critical step to the performance of a patch clamp
experiment is the formation of a tight, high-resistance
seal between the cell membrane and the glass micro-
pipette or hole in a planar substrate. The formation of
this seal is one limiting factor with this experimental
approach, with success rates in the order of 50-80%.
The subsequent rupture of the patch to gain access to
the cell interior is another critical step which often
reduces the success rate of automated systems down
to less than 50%. Alternatively, the use of the “perfo-
rated patch” method helps increasing success rates;
however, the resultant recordings may not be optimal
due to a high and instable access resistance and loss of
control over the electrolyte composition in the cytosol.

In most automated systems, the options for fine-
tuning the recording with respect to compensation of
offset, series resistance, whole-cell capacitance, and
leak currents are limited as compared to manual
patch clamp.

The assay principle is not limited to hERG studies
and, indeed, automated electrophysiology has been
used frequently for primary target screening. However,
on a given automated electrophysiology platform, each
cell line, gene product, and assay protocol needs to be
validated as both the cell line itself is critical for
success rates, and the biophysical properties of the
gene product are crucial for the question whether the
limitations in fine-tuning options are acceptable.

As in all screening platforms, liquid handling is
critical for data quality, as test article precipitation or
adsorption to surfaces may compromise exposure of
the target. In systems requiring a vast excess of cells in
order to enhance the success rate for sealing, the high
cell density might also act as a sink for the test article.

4.3.2 Manual Patch Clamp Studies

PURPOSE AND RATIONALE

The introduction of the patch clamp technique revolu-
tionized the study of cellular physiology as it provided
the first high-resolution and high-fidelity method of
observing the function of individual ion channels in
a variety of cell types. The goal of patch clamp elec-
trophysiology for in vitro pharmacology is to analyze
the effect of a given test article on ion channel conduc-
tance under strict control of the membrane potential
and the driving forces for every ionic species.
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In the so-called whole-cell mode of the patch clamp
technique, the net current through all open ion chan-
nels contained in the membrane of a single cell is
measured. The whole-cell mode is obtained by ruptur-
ing the membrane patch under the orifice of a patch
pipette sealed to the cell membrane (Hamill et al.
1981). This is achieved by applying suction to the
interior of the patch pipette. In the whole-cell mode,
the cell interior is dialyzed by the electrolyte solution
contained in the patch pipette. The resulting low-
resistance electrical access to the cell interior com-
bined with the dialysis of the cytoplasm with
a defined electrolyte solution provides the basis for
a successful recording.

The patch clamp technology is considered the gold
standard methodology for the assessment of a test arti-
cle’s effects on ion channels as it provides functional
data under the most precisely defined conditions. In its
standard application, the patch clamp technique is
a time-consuming sequential process which requires
the permanent attention of highly skilled technical
staff who is not only experienced in the delicate manip-
ulation of single cells but also understands the
complex biophysical processes behind ionic currents
transmitted by channel proteins. Therefore, only
a limited number of compounds can be tested using
this approach.

According to ICH S7B, a manual patch clamp study
so far is the only acceptable way to address potential
hERG channel interactions. Other ion channel liabili-
ties are not mentioned as mandatory studies in the ICH
S7B guideline, but it is recommended to employ the
same technique when performing supplementary stud-
ies addressing other ion channels.
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4.3.2.1 Patch Clamp Studies in Heterologous
Systems

Assay Principle

Heterologous expression in mammalian cell lines has

become the most convenient assay system for patch

clamp studies on a specific ion channel type in
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isolation. The whole-cell current for each individual
cell is determined (base line recording, vehicle
control), and then an arbitrary number of escalating
concentrations of the test article are applied to the cells
while the resulting changes in current are observed. In
many cases, four concentrations escalating in a semi-
log fashion and three replicates (cells) are sufficient to
construct a valid concentration-response curve.

PROCEDURE

Cells are placed at the bottom of an incubation cham-
ber superfused with a buffer solution which needs to be
of appropriate electrolyte content for the particular ion
channel to be analyzed. For hERG, a buffer of the
following composition is suitable (mM): NaCl (137),
KCl1 (4.0), MgCl, (1.0), CaCl, (1.8), sucrose (10), and
HEPES (10) at pH 7.4 with NaOH. Patch pipettes are
filled with an electrolyte solution which again needs to
be adapted to the properties of the particular ion chan-
nel to be studied. For hERG measurements, the follow-
ing composition is useful (mM): K-Aspartate (130),
MgCl, (5.0), EGTA (5.0), ATP-K, (4.0), and HEPES
(10.0), pH 7.2 with KOH. After reaching the whole-
cell configuration, the net membrane current is
recorded using a patch clamp amplifier in the voltage
clamp mode. To elicit hERG-mediated potassium cur-
rents, cells need to be stimulated with a pulse pattern
similar to the following: hold: —80 mV, activation/
inactivation: +20 mV for 2,000 ms, deactivating tail
current: —50 mV for 1,000 ms repeated at 10-20 s
intervals. The peak tail current is used for analysis as
current of interest. Other more sophisticated stimula-
tion protocols are possible and results may depend on
the specific stimulation protocol used. Drug effects on
current amplitude are typically expressed as fraction of
baseline current. Concentration-response data may
then be fitted to a sigmoidal concentration-response
curve model. It is generally recommended to check
the concentration of the test article in the superfusate
using a suitable analytical method. The superfusion
buffers used are typically protein free, meaning that
in comparison to the in vivo situation, one needs to
consider potential protein binding of a compound. In
case of very high protein binding, it is advisable to
experimentally verify the expected protein shift.

Critique of the Method
HEK?293 and CHO cells are most commonly used for
this purpose. HEK293 cells may have an endogenous
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transient outward potassium current (Snyders and
Chaudhary 1996), whereas CHO cells do not have
such a current (Teschemacher et al. 1999). The amount
of background current in HEK293 cells may be vari-
able between batches of cells and could interfere with
hERG measurements, making CHO cells in this regard
superior. HEK293 cells may, however, be more con-
sistent in their level of heterologous expression in
comparison to CHO cells (Witchell et al. 2002). Issues
relating to the use of stably versus transient transfec-
tion have been reviewed (Witchell et al. 2002). The
quality of data obtained by this assay is only optimal if
the assay is performed in a best practice fashion. Poor
quality results are likely to be obtained in case numer-
ous technical details are not properly accounted for.
The most common pitfalls leading to poor data include
inadequate exposure to test article due to solubility or
adsorption problems; incomplete equilibration with
the test article due to slow on rate (some test articles
may take up to 15 min to equilibrate with the target!),
leaky cells, or poorly tuned recordings; and small assay
window due to poor expression level, resulting in a low
signal-to-noise ratio.
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4.3.2.2 Patch Clamp Studies in a Native
Environment

Assay Principle

Patch clamp techniques using isolated ventricular
myocytes may be used to analyze a test article’s effect
on the complex interplay of the various ion channels
contributing to the cardiac action potential. For this
purpose, acutely isolated cardiomyocytes from several
species may be used, but also cardiomyocytes differ-
entiated from stem cells have recently emerged
as attractive assay systems (Kattman et al. 2011).
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Patch clamping is performed in the same way as with
heterologous systems. Depending on the desired study
endpoints, cells may be kept in the current clamp mode
(observation of action potential configuration, deter-
mination of refractory period) or in the voltage clamp
mode (analysis of a net current).

Critique of the Method

Ion channel pharmacology is best studied in
a heterologous, more or less, artificial environment;
however, when the concerted action of all relevant
ion channels in their native environment is to be stud-
ied, experimental conditions should be as close to the
natural environment as possible. This is particularly
challenging for the solution loaded into the patch
pipette, as the dilution of intracellular protein kinases
and phosphatases together with their substrates
may considerably alter channel properties. Hence, the
“perforated patch” technique may be appropriate in
this case.

Patch clamping cardiomyocytes provides the
advantage of analyzing net effects of multiple target
drugs in an environment which contains these targets
in their natural relative frequency. In contrast, it is
advantageous only in rare cases to attempt to isolate
these targets in their native environment. Pharmaco-
logical isolation is problematic as only few drugs
exhibit the necessary selectivity. Biophysical means
may help to separate, for example, fast inactivating
channels from slowly inactivating channels; however,
isolation of all molecular entities is impossible in most
cases. Moreover, native expression levels of most ion
channels are lower than in heterologous systems which
results in small assay windows.
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4.3.3 Myocardial Action Potential
Configuration

PURPOSE AND RATIONALE
Studies of myocardial action potential configuration to
assess the potential of a drug to affect ventricular
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repolarization, and therefore a prolongation of the QT
interval duration, focus on the pivotal role of hERG-
mediated potassium current in mediating this effect.
Nevertheless, it is well established that even a potent
blockade of the hERG channel does not necessarily
lead to a QT prolongation. For example, the calcium
channel blocker verapamil does not lead to delayed
repolarization at concentrations even above its ICsg
for hERG. The reason for this apparent discrepancy is
simply that the myocardial action potential configura-
tion is the net result of the concerted activity of numer-
ous ion channels, and effects on a given channel may
be masked by the activities of other channels; further
examples are given in Yuill KH et al. (2004). It is this
recognition that suggests that drug profiling should
examine the effects of a compound not only on hERG
channels but on the overall myocardial action poten-
tial. This allows one to assess the physiological rele-
vance of any activity on the hERG channel that may
be present and, moreover, opens the possibility to
recognize liabilities independent of hERG (The
European Agency for the Evaluation of Medicinal
Products. Human Medicines Evaluation Unit. Com-
mittee for Proprietary Medicinal Products 1997;
Haverkamp et al. 2000). Whereas in vivo data will
also add significantly to this preclinical risk assess-
ment, performance of hERG channel assays together
with action potential assays may provide an early risk
assessment with a better correlation to the in vivo
and clinical setting than with just one of these assays
alone (Guth et al. 2004).

Drug effects on the myocardial action potential
can be measured in myocardial tissue in vitro typi-
cally using Purkinje fibers, papillary muscles, ven-
tricular wedge preparations (albeit less commonly),
or the entire isolated heart (Franz 1991). The focus
of all these approaches is to assess the action poten-
tial duration, measured usually in terms of the time
to a reach a certain percentage of repolarization
after the initial upstroke, for example, the time to
90% repolarization (APDgg). Additionally, some of
these models may respond to delayed repolarization
with early afterdepolarizations (EADs), thought to
be a source for arrhythmia. The use of the myocar-
dial wedge preparation also addresses the important
issue of potential transmural differences in drug-
induced effects on repolarization (Antzelevitch
et al. 1999).
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4.3.3.1 Studies in Isolated Purkinje Fibers
PURPOSE AND RATIONALE

Studies of Purkinje fibers in isolated Purkinje fibers can
detect compound-induced effects on the action potential
configuration and possible early afterdepolarizations.
This type of study is a logical adjunct to studies examin-
ing effect on hERG-mediated current since it examines
the potential relevance of any potential hERG-blocking
activity on the overall myocardial action potential.
Purkinje fibers from the dog or the rabbit have been
used typically, while other species, including the pig
(Gintant et al. 2001) may also be appropriate models.

CRITICAL ASSESSMENT OF THE METHOD

The Purkinje fiber is a noncontractile tissue, which
facilitates electrode positioning and stability. In com-
parison to the papillary muscle or the monophasic
action potential in the intact heart, drug-induced
effects on the action potential duration are consider-
ably larger in the Purkinje fiber model, particularly
from the rabbit. Whereas this is not necessarily
a disadvantage, the rabbit Purkinje fiber model has
been viewed as possibly being too sensitive for
drug-induced effects on repolarization. Furthermore,
a low repolarization reserve has been reported in
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rabbit Purkinje cells (Dumaine and Cordeiro 2007).
Conversely, in the canine Purkinje model, not all
hERG-blocking compounds produce the expected pro-
longation of the action potential. One notable example
is terfenadine (Gintant et al. 2001), that even in
supratherapeutic concentrations failed to prolong the
action potential duration in this model. This has lead to
action potential studies receiving secondary status
from regulatory authorities due to the perception of
a risk for false-negative results. Interestingly, 80% of
torsadogenic agents exhibit mixed effects in the canine
Purkinje model, corresponding to combined INa/ICaL.
and hERG blocking properties, while drugs causing
QT prolongation show a more “pure” hERG blocking
profile (Champeroux et al. 2005). Since INa and ICalL
currents inhibition produces shortening in action
potential duration and QT interval, these concomitant
ancillary electrophysiological properties were pro-
posed to be an aggravating factor which could enhance
the transmural heterogeneity of the action potential
duration and consequently the risk for torsades de
pointes (Champeroux et al. 2011).
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4.3.3.2 Studies in Isolated Guinea Pig
Papillary Muscles

Assay Principle

Studies in isolated guinea pig papillary muscles can
detect compound-induced effects on the action poten-
tial configuration as well as inotropic effects. This type
of study is a logical adjunct to studies examining effect
on hERG-mediated current since it examines the
potential relevance of any potential hERG-blocking
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activity on the overall myocardial action potential.
The most commonly used model is the guinea pig
papillary muscle (Kii et al. 2005) due to its appropriate
size; use of papillary muscles from larger species may
be compromised by ischemia in the core of the muscle
during the experiment, as oxygen supply for this type
of preparation is diffusion-limited.

Critique of the Method

In contrast to the Purkinje fiber, the papillary muscle is
a contractile tissue, lending it also for the measurement
of contractile force, together with the action potential
configuration. Since effects on the inotropic state of the
myocardium can also affect the action potential, this is
a useful secondary measurement to have to interpret
possible drug-induced effects. However, the contrac-
tion of the muscle makes the placement of the elec-
trode more difficult, and changes in the contractile
function can lead to loss of the electrode placement
in the course of a study.

As with the Purkinje fiber model, some compounds
known to block hERG channels potently and to cause
QT prolongation in the clinic do not demonstrate the
expected action potential prolongation; this includes
astemizole and terfenadine. In the case of the guinea
pig papillary muscle, it has been suggested in conjunc-
tion with the PRODACT evaluation in Japan that the
way in which the data are evaluated may be key for
detecting the drug-induced effect on the action poten-
tial configuration (Kii et al. 2005). In conjunction with
these studies, the investigators employed APD90-30,
which is the interval between 30% and 90% repolari-
zation, as a proarrhythmic marker. With this approach,
these investigators were able to demonstrate effects of
astemizole in the isolated guinea pig papillary muscle.
However, terfenadine did not impact APD90-30; it was
therefore suggested that other limitations must prevent
terfenadine from demonstrating its expected APD pro-
longation in this in vitro setting.
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4.3.3.3 Arterially Perfused Wedge of Canine
Left Ventricle
Assay Principle
The M cells in the arterially perfused wedge of canine
left ventricle are a unique myocardial cell type found
in the deeper layers of the ventricular wall
(Antzelevitch et al. 1999). These cells respond more
sensitively to agents that block hERG channels and, as
such, contribute to possible drug-induced transmural
heterogeneity of ventricular repolarization and
thereby the proarrthythmic potential. The perfused
myocardial wedge preparation (Antzelevitch et al.
1996) is designed to allow the study of differences in
drug action on transmural repolarization and may
therefore provide a better assessment of a possible
proarrhythmic potential of a test article.

Critique of the Method

The measurement of a transmural ECG together with
local action potentials from across the ventricular wall
of the dog provides one of the most sophisticated
in vitro approaches for determining drug-induced
effects on repolarization as well as having implications
for proarrhythmic potential. This is why M cells of the
midmycardial wall are most sensitive to drug-induced
effects on repolarization and this contributes to
a transmural heterogeneity of repolarization that pro-
vides a proarrhythmic substrate. Thus, objectively
assessed, this model is perhaps the best in vitro
model to examine drug-induced effects on repolariza-
tion of the heart. Its main disadvantage is the experi-
mental complexity which makes it accessible only to
the specialty laboratory and may require extensive
training to master the technical aspects. A further com-
plicating factor is the use of dogs for studies in which
only small portions of the excised heart are utilized,
which has both ethical and financial aspects that need
to be considered.
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4.4  Models for Proarrhythmic Potential
The goal of pharmacological profiling of drugs for
effects on hERG channels, the action potential, or the
ECG is ultimately to predict the potential for
proarrhythmic activity. None of these approaches is
fully predictive since even potent hERG-blocking
drugs that produce a prolongation of the action potential
duration in vitro and QT interval in vivo do not neces-
sarily lead to an increased rate of arrhythmia in man
based on clinical data; however, the number of
unreported cases is rather elusive. Still, it would there-
fore appear useful to assess the proarrhythmic potential
of a drug in a model designed to detect arrhythmias.
Nevertheless, the available proarrhythmia models failed
to win the confidence of regulatory agencies, and the
use of them has neither been mandated nor widely
recommended. Such models could, however, prove use-
ful in cases where the results from other types of tests
(hERG, action potential, in vivo) are not conclusive.

4.4.1 Studies of Arrhythmogenic Effects
in Isolated Heart Preparations
PURPOSE AND RATIONALE

The evaluation of isolated heart preparations of
arrhythmogenic, antiarrhythmic, and antifibrillatory
effects in the Langendorff heart preparation is
described in Sect. 3.1.2 of the book.

Generally, proarrhythmia isolated heart models are
designed in two ways: either it is attempted to lower
the arrhythmia threshold as much as possible in order
to drive the probability of overt arrhythmia up to
a degree which makes detection possible even in a
study comprising as few as only a handful of prepara-
tions, or a sophisticated combination of several surro-
gate markers is sought which may yield an abstract
proarrhythmic index; the validity of which may be
shown using tool compounds for which clinical evi-
dence exists.

As an example for the first option, Eckardt et al.
(1998) and Johna et al. (1998) proposed the isolated
perfused rabbit heart as a model to study proarrhythmia
induced by class III antiarrthythmic drugs.

The other path is followed in a model developed by
Hondeghem 1994. The assessment of proarrhythmic
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potential is based on a more in-depth analysis
of drug-induced effects on the action potential
including action potential duration, instability of the
action potential prolonging effects, reverse use
dependency, and triangulation of the action potential.
(Hondeghem 1994; Valentin et al. 2004). This infor-
mation is synthesized into a proarrhythmic assess-
ment that is claimed to discriminate between
compounds that are proarrhythmic and those that
are not, independently from their effects on the
action potential duration per se. In fact, it is claimed
that compounds that prolong the action potential but
without being instable, reverse-use-dependent, nor
causing triangulation are actually antiarrhythmic
(Hondeghem et al. 2001).

4.4.1.1 Critique of the Method

Direct observation of overt arrhythmia is certainly
the most convincing readout of an arrhythmia
model. However, the measures used to drive an
isolated heart to the threshold of arrhythmia (i.e.,
simulated hypokalemia) leave room for interpretation
as it is not predictable how a 100% incidence of arrhyth-
mia in a hypokalemia-driven model would translate
into the incidence under normokalemic conditions.

In the search for a proarrhythmic index derived
from several markers, the relative importance of insta-
bility, triangulation, and reverse use dependency con-
tribute is unclear. The contribution of each of these
markers may differ from drug to drug, and synergistic
actions are likely. Nevertheless, drugs that lead to
instability are considered to be the most
problematic. Triangulation is, in general, a better pre-
dictor of proarrhythmic activity than reverse use
dependency, making reverse use dependency the least
predictive parameter of the three. The use of the rabbit
is based on its having IKr as the main repolarizing
current in the heart, but it has little IKs activity (Nattel
1999) and is therefore not sensitive for drugs that
potentially affect this current. Furthermore, as with
all in vitro test systems, effects due to metabolites of
drugs are not detected. Nevertheless, the performance
of this test system for differentiating between
proarrhythmic drugs and nonproarrhythmic drugs has
been impressive (Valentin et al. 2004). The model has
not been reproduced outside of the laboratory that
developed it, thereby limiting its availability and its
acceptance.

95

References and Further Reading

Eckardt L, Haverkamp W, Mertens H et al. (1998) Drug-related
torsades de pointes in the isolated rabbit heart: Comparison
of clofilium, d, l-sotalol, and erythromycin. J Cardiovasc
Pharmacol 32:425-434

Hondeghem LM (1994) Computer aided development of antiar-
rhythmic agents with class IIla properties. J Cardiovasc
Electrophysiol 5:711-721

Hondeghem LM, Carlsson L, Duker G (2001) Instability and
triangulation of the action potential predict serious
proarrhythmia, but action potential duration prolongation is
antiarrhythmic. Circulation 103:2004-2013

Johna R, Mertens H, Haverkamp W et al. (1998) Clofilium in the
isolated perfused rabbit heart: A new model to study
proarrhythmia by class III antiarrhythmic drugs. Basic Res
Cardiol 93:127-135

Nattel S (1999) The molecular and ionic specificity of antiar-
rhythmic drug actions. J Cardiovasc Electrophysiol
19:272-282

Valentin JP, Hoffmann P, DeClerck F et al. (2004) Review of the
predictive value of the Langendorff heart model (Screenit
system) in assessing the proarrhythmic potential of drugs.
Journal of Pharmacological and Toxicological Methods
49:171-181

References and Further Reading

Alder S, Zbinden G (1973) Use of pharmacological screen-
ing tests in subacute neurotoxicity studies of isoniazid,
pyridoxine HCl and hexachlorophene. Agents Actions
3:233-243

Antzelevitch C, Sun Z-Q, Zhan Z-Q, Yan G-X (1996) Cellular
and ionic mechanisms underlying erythromycin-induced
long QT intervals and Torsade de Pointes. J Am Coll Cardiol
28:1836-1848

Antzelevitch C, Shimizu W, Yan G-X et al (1999) The M cell: its
contribution to the ECG and to normal and abnormal electri-
cal function of the heart. J Cardiovasc Electrophysiol
10:1124-1152

Authier S, J-f T, Gauvin D, Fruscia RD, Troncy E (2007) A
cardiovascular monitoring system in conscious cynomolgus
monkey for regulator safety pharmacology part 1: non-
pharmacological validation. J Pharmacol Toxicol Methods
56(2):122-130

Bachmann A, Mueller S, Kopp K, Brueggemann A, Suessbrich
H, Gelach U, Busch AE (2002) Inhibition of cardiac potas-
sium currents by pentobarbital. Naunyn-Schmiedeberg’s
Arch Pharmacol 365:29-37

Champeroux P, Martel E, Vannier C, Blanc V, Leguennec JY,
Fowler J, Richard S (2000) The preclinical assessment of the
risk for QT interval prolongation. Therapie 55:101-109

Champeroux P, Viaud K, El Amrani Al, Fowler JS, Martel E, Le
Guennec JY, Richard S (2005) Prediction of the risk of
Torsade de Pointes using the model of isolated canine
Purkinje fibres. Br J Pharmacol 144:376-385



96

Champeroux P, Ouillé A, Martel E, Fowler JS, Maurin A, Jude S,
Lala P, Le Guennec JY, Richard S (2010) Interferences of the
autonomic nervous system with drug induced QT prolonga-
tion: a point to consider in non-clinical safety studies.
J Pharmacol Toxicol Methods 61:251-263

Champeroux P, Ouillé A, Martel E, Fowler JS, Maurin A, Rich-
ard S, Le Guennec JY (2011) A step towards characterisation
of electrophysiological profile of torsadogenic drugs.
J Pharmacol Toxicol Methods 63(3):269-278

Deveney AM, Kjellstrom A, Forsberg T, Jackson DM (1998)
A pharmacological validation of radiotelemetry in con-
scious, freely moving rats. J Pharmacol Toxicol Methods
40:71-79

Dumaine R, Cordeiro JM (2007) Comparison of K + currents in
cardiac Purkinje cells isolated from rabbit and dog. J Mol
Cell Cardiol 42(2):378-389

Eckardt L, Haverkamp W, Mertens H et al (1998) Drug-related
torsades de pointes in the isolated rabbit heart: comparison of
clofilium, d, I-sotalol, and erythromycin. J Cardiovasc
Pharmacol 32:425-434

Finlayson K, Turnbull L, January CT, Sharkey J, Kelly JS
(2001a) 3 H-Dofetilide binding to HERG transfected mem-
branes: a potential high throughput preclinical screen. Eur
J Pharmacol 430(1):147-148

Finlayson K, Pennington AJ, Kelly JS (2001b) 3 H-Dofetilide
binding in SHSYS5Y and HEK 293 cells expressing a HERG-
like K + channel? Eur J Pharmacol 412(3):202-212

Fossa AA, Gorczyca W, Wisialowski T, Yasgar A, Wang E,
Crimin K, Volberg W, Zhou J (2007) Electrical alternans and
hemodynamics in the anesthetized guinea pig can discrimi-
nate the cardiac safety of antidepressants. J Pharmacol
Toxicol Methods 55(1):78-85

Franz MR (1991) Method and theory of monophasic action
potential recording. Prog Cardiovasc Dis 6:347-368

Gintant GA, Limberis JT, McDermott JS et al (2001) The canine
Purkinje fiber: an in vitro model system for acquired long QT
syndrome and drug-induced arrhythmogenesis. J Cardiovasc
Pharmacol 37:607-618

Gralinski M (2000) The assessment of potential for QT interval
prolongation with new pharmaceuticals. Impact on drug
development. J Pharmacol Toxicol Methods 43:91-99

Gralinski MR (2003) The dog’s role in the preclinical assess-
ment of QT interval prolongation. Toxicol Pathol
31(Suppl):11-16

Guth BD, Germeyer S, Kolb W, Markert M (2004) Developing
a strategy for the nonclinical assessment of proarrhythmic
risk of pharmaceutical due to prolonged ventricular repolar-
ization. J Pharmacol Toxicol Methods 49:159-169

Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ
(1981) Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
Pfltiger’s Arch 391:85-100

Hamlin RL, Kijtawornrat A, Keene BW, Hamlin DM (2003) QT
and RR intervals in conscious and anesthetized guinea pigs
with highly varying RR intervals and given QTc-lengthening
test articles. Toxicol Sci 76(2):437-442

Hanson LA, Bass AS, Gintant G, Mittelstadt S, Rampe D,
Thomas K (2006) ILSI-HESI cardiovascular safety subcom-
mittee initiative: evaluation of three non-clinical models of
QT prolongation. J Pharmacol Toxicol Methods 54(2):
116-129

P. Champeroux et al.

Haverkamp W, Breithardt G, Camm AJ et al (2000) The poten-
tial for QT prolongation and pro-arrhythmia by non-
anti-arrhythmic drugs: clinical and regulatory implications
report on a policy conference of the European society of
cardiology. Cardiovasc Res 47:219-233

Hey JA, del Prado M, Kreutner W, Egan RW (1996) Cardiotoxic
and drug interaction profile of the second generation
antihistamines ebastine and terfenadine in an experimental
model of torsade de pointes. (Arzneim Forsch) Drug Res
46:159-163

Holzgrefe HH, Cavero I, Gleason CR, Warner WA, Buchanan
LV, Gill MW, Burkett DE, Durham SK (2007) Novel prob-
abilistic method for precisely correcting the QT interval for
heart rate in telemetered dogs and cynomolgus monkeys.
J Pharmacol Toxicol Methods 55:159-175

Hondeghem LM (1994) Computer aided development of antiar-
rhythmic agents with class Illa properties. J Cardiovasc
Electrophysiol 5:711-721

Hondeghem LM, Carlsson L, Duker G (2001) Instability and
triangulation of the action potential predict serious
proarrhythmia, but action potential duration prolongation is
antiarrhythmic. Circulation 103:2004-2013

Japanese Ministry of Health and Welfare (1995) Japanese guide-
lines for nonclinical studies of drugs manual. Pharmaceutical
Affairs Bureau, Japanese Ministry of Health and Welfare,
Yakugi Nippo, Japan

Johna R, Mertens H, Haverkamp W et al (1998) Clofilium in the
isolated perfused rabbit heart: a new model to study
proarrhythmia by class III antiarrhythmic drugs. Basic Res
Cardiol 93:127-135

Kattman SJ, Koonce CH, Swanson BJ, Anson BD (2011)
Stem cells and their derivatives: a renaissance in cardiovas-
cular translational research. J Cardiovasc Transl Res
4(1):66-72

Kii Y, Hayashi S, Tabo M, Shimosato T, Fukuda H, Itoh T,
Amano H, Saito M, Morimoto H, Yamada K, Kanda A,
Ishitsuka T, Yamazaki T, Kiuchi Y, Taniguchi S, Mori T,
Shimizu S, Tsurubuchi Y, Yasuda S-I, Kitani S-I, Shimada C,
Kabayashi K, Komeno M, Kasai C, Hombo T, Yamamoto K
(2005) J Pharmacol Sci 99(5):449-457

Kinter LB, Valentin J-P (2002) Safety pharmacology and risk
assessment. Fundam Clin Pharmacol 16:175-182

Lacroix P, Provost D (2000) Safety pharmacology: the cardio-
vascular system. Therapie 55:63-69

Leisgen C, Kuester M, Methfessel C (2007) The roboocyte:
automated electrophysiology based on Xenopus oocytes.
Methods Mol Biol 403:87—-109

Markert M, Klumpp A, Trautmann T, Guth BD (2004) A novel
propellant-free inhalation drug delivery system for cardio-
vascular safety pharmacology evaluations in dogs.
J Pharmacol Toxicol Methods 50:109-119

Markert M, Shen R, Trautmann T, Guth B (2011) Heart rate
correction models to detect QT interval prolongation in novel
pharmaceutical development. J PharmacolToxicol Methods
64:25-41

Mellor PM, Pettinger SJ (1986) Application of radio telemetry to
cardiovascular monitoring in unrestrained animals.
J Pharmacol Methods 16:181-184

Meyners M, Markert M (2004) Correcting the QT interval for
changes in HR in pre-clinical drug development. J Pharmacol
Toxicol Methods 43:445-450



4 Methods in Cardiovascular Safety Pharmacology

Nattel S (1999) The molecular and ionic specificity of antiar-
rhythmic drug actions. J Cardiovasc Electrophysiol
19:272-282

Netzer R, Ebneth A, Bischoff U, Pongs O (2001) Screening lead
compounds for QT interval prolongation. Drug Discov
Today 6(2):78-84

Netzer R, Bischoff U, Ebneth A (2003) HTS techniques to
investigate the potential effects of compounds on cardiac
ion channels at early-stages of drug discovery. Curr Opin
Drug Discov Devel 6(4):462-469

Pourrias B, Porsolt RD, Lacroix P (1999) QT interval prolonga-
tion by noncardiovascular drugs. A proposed assessment
strategy. Drug Dev Res 47:55-62

Rocchiccioli C, Saad MA, Elghozi JL (1989) Attenuation of the
baroreceptor reflex by propofol anesthesia in the rat.
J Cardiovasc Pharmacol 14(4):631-635

Sarazan RD, Mittelstadt S, Guth B, Koerner J, Zhang J, Pettit
S (2011) Cardiovascular function in non-clinical drug safety
assessment: current issues & opportunities. Int J Toxicol
30(3):272-286

Schierok H, Markert M, Pairet M, Guth B (2000) Continuous
assessment of multiple vital physiological functions in con-
scious freely moving rats using telemetry and
a plethysmography system. J Pharmacol Toxicol Methods
43:211-217

Snyders DJ, Chaudhary A (1996) High affinity open channels
blockade by dofetilide of HERG expressed in a human cell
line. Mol Pharmacol 49:949-955

Stubhan M, Markert M, Mayer K, Trautmann T, Klumpp A,
Henke J, Guth B (2008) Evaluation of cardiovascular
and ECG parameters in the normal, freely moving
Gottingen Minipig. J Pharmacol Toxicol Methods 57(3):
202-211

Tashibu H, Mizazaki H, Aoki K, Akie Y, Yamamoto K (2005)
QT PRODACT: In vivo QT assay in anesthetized dog for
detecting the potential for QT interval prolongation by
human pharmaceuticals. J] Pharmacol Sci 99(5):473-486

Teschemacher AG, Seward EP, Hancox JC, Witchel HJ
(1999) Inhibition of the current of heterologously expressed
HERG potassium channels by imipramine and amitriptyline.
Br J Pharmacol 128:479-485

The European Agency for the Evaluation of Medicinal Products.
Human Medicine Evaluation Unit (2000) ICH topic S7,
safety pharmacology studies for human pharmaceuticals.
Note for guidance on safety pharmacology studies in
human pharmaceuticals

The European Agency for the Evaluation of Medicinal Products.
Human Medicines Evaluation Unit. Committee for

97

Proprietary Medicinal Products (1997) Points to consider:
the assessment of the potential for QT prolongation by non-
cardiovascular medicinal products

Usui T, Sugiyama A, Ishida Y, Satoh Y, Sasaki Y, Hashimoto K
(1998) Simultaneous assessment of the hemodynamic,
cardiomechanical and electrophysiological effects of
terfenadine on the in vivo canine model. Heart Vessels
13:49-57

Valentin JP, Hoffmann P, DeClerck F et al (2004) Review of the
predictive value of the Langendorff heart model (Screenit
system) in assessing the proarrhythmic potential of drugs.
J Pharmacol Toxicol Methods 49:171-181

Van der Linde HJ, Van Deuren B, Teisman A, Towart R,
Gallagher DJ (2008) The effect of changes in core body
temperature on the QT interval in beagle dogs: a previously
ignored phenomenon, with a method for correction. Br
J Pharmacol 154:1474-1481

Wang J, Della Penna K, Wang H, Karczewski J, Connolly TM,
Koblan KS, Bennett PB, Salata JJ (2003) Functional and
pharmacological properties of canine ERG potassium chan-
nels. Am J Physiol Heart Circ Physiol 284(1):H256-H267

Weissenburger J, Davy JM, Chézalviel F (1993) Experimental
models of torsades de pointes. Fundam Clin Pharmacol
7:29-38

Weissenburger J, Nesterenko VV, Antzelevitch C (2000)
Transmural heterogeneity of ventricular repolarization
under baseline and long QT conditions in the canine heart
in vivo: torsades de pointes develops with halothane but not
pentobarbital anesthesia. J Cardiovasc Electrophysiol
11(3):290-304

Witchell HJ, Milnes JT, Mitcheson JS, Hancox JC (2002) Trou-
bleshooting problems with in vitro screening of drugs for QT
interval prolongation using HERG K+ channels expressed in
mammalian cell lines and Xenopus oocytes. J Pharmacol
Toxicol Methods 48:65-80

Yao X, Anderson DL, Ross SA, Lang DG, Desai BZ, Cooper
DC, Wheelan P, McIntyre MS, Bergquist ML, MacKenzie
KI, Becherer JD, Hashim MA (2008) Predicting QT prolon-
gation in humans during early drug development using hRERG
inhibition and an anaesthetized guinea-pig model. Br
J Pharmacol 154:1446-1456

Yuill KH, Borg JJ, Ridley JM et al (2004) Potent inhibition of
human cardiac potassium (HERG) channels by the anti-
estrogen agent clomiphene- without QT interval prolonga-
tion. Biochem Biophys Res Commun 318:556-561

Zbinden G (1966) The significance of pharmacological screen-
ing tests in the preclinical safety evaluation of new drugs.
J New Drugs 6:1-7



Susan G. Emeigh Hart

Contents
5.1 General Functional Assessments ................ 99
5.1.1 In Vivo ASSESSMENtS . .cvvuuuneeeeeeiniiianaeaaans 99
5.1.2 InVitroMethods ..............ooiiiiiiiiiiiiin. 135
5.2 Assessment of Renal Injury ...................... 141
5.2.1 Assessment of Renal Injury by Routine

85551 E:1 4 S 141
5.2.2 Assessment of Renal Injury by Urine Proteins .... 142
5.2.3 Assessment of Renal Injury by Urine Enzymes ... 147
5.3  Experimental Models of Renal Disorders....... 151
5.3.1 Models for Evaluation of Uricosuric Agents...... 151
5.3.2 Artificial Animal Models ......................ooL 151
5.3.3 Animal Models for Chronic Renal Failure ........ 153
5.4  Assessment of Effects on Lower

Urinary Tract ... 159
54.1 InVivoMethods................ooooiiiiiiiii 159
542 InVitroMethods ...........ccoooiiiiiiiiiiiinin 161
References and Further Reading ........................ 168

S.G. Emeigh Hart
Nonclinical Drug safety, Boehringer Ingelheim Pharmaceutics,
Inc, Ridgefield, CT, USA

5.1 General Functional Assessments

5.1.1 In Vivo Assessments
5.1.1.1 Assessment of Glomerular Filtration
Rate (GFR) and Renal Blood Flow
(RBF)
Assessment of GFR by Plasma Chemistry
PURPOSE AND RATIONALE
If a metabolic end product or protein is small enough to
be filtered at the glomerulus and is neither extensively
reabsorbed or secreted, the excretion rate is primarily
determined by the glomerular filtration rate (GFR)
(Price and Finney 2000), which is considered a
sensitive index of functional nephron mass (Newman
and Price 1999). Thus, assessment of the plasma level
of such a constituent can serve as a biomarker of renal
function, and several have been used extensively for this
purpose.

The ideal endogenous marker of GFR, in addi-
tion to being primarily excreted through the kidney,
freely filtered at the glomerulus and neither
secreted nor reabsorbed by the tubule, should also
be delivered in a steady fashion to the plasma,
and be readily detectable using available technol-
ogy. This requires that production of the substrate
and its delivery to the plasma occurs at a stable
rate and is not influenced by other disease or phys-
iologic processes, and that the substrate is either
non- or minimally protein bound (Price and Finney
2000). Several endogenous small molecules (urea,
creatinine, 2-(a-mannopyranosyl)-L-tryptophan) or
small (less than 66 kDa) proteins (cystatin
C (y-trace), prostaglandin D synthase (J-trace pro-
tein), o4-microglobulin, f,-microglobulin, and

H.G. Vogel et al. (eds.), Drug Discovery and Evaluation: Safety and Pharmacokinetic Assays, 929
DOI 10.1007/978-3-642-25240-2_5, © Springer-Verlag Berlin Heidelberg 2013
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retinol-binding protein) meet these criteria and
have been used to assess GFR in many species.

PROCEDURE
Serum or plasma samples are collected from the test
animals (if plasma is used, blood should be collected in
heparinized tubes). Assay methods vary, and are
outlined below:

Urea is most commonly assayed by combined ure-
ase methods, in which the urea is first converted to two
ammonium ions. The ammonium generated is then
measured by either enzymatic or chemical methods.
Urea nitrogen values determined by this method
(mg/ml) are converted to urea values by the use of
appropriate factors (2.14 for urea in mg/ml, 0.357 for
urea in mmol/l) (Newman and Price 1999; Emeigh
Hart and Kinter 2005).

Creatinine is most commonly measured by the Jaffe
reaction of creatinine with picrate to generate an
orange chromogen. Several enzymatic assays (based
on reactions with creatinase or creatinine deaminase)
have also been developed. These are equal in sensitiv-
ity to the Jaffe method but are less likely to be subject
to interference by endogenous or exogenous chromo-
gens (this is of particular concern in the dog and mouse
compared to other species) (Meyer et al. 1985; Finco
et al. 1995; Finco 1997; Newman and Price 1999;
Schwendenwein and Gabler 2001; Dunn et al. 2004).
A recently developed HPLC assay has been shown to
be much more sensitive than the Jaffe method for
mouse plasma (Dunn et al. 2004).

2-(a-mannopyranosyl)-L-tryptophan (MPT) is mea-
sured by HPLC (Takahira et al. 2001). Cystatin
C assays are all antibody based (nephelometric, agglu-
tination or sandwich ELISA) (Pergande and Jung
1993; Finney et al. 1997; Jensen et al. 2001), and
have been used successfully in dogs, rats, mice and
cats (Hakansson et al. 1996; Bokenkamp et al. 2001;
Braun et al. 2002; Martin et al. 2002).

Cystatin C assays are all antibody-based (nephelo-
metric or sandwich ELISA), and there are several
commercially available assays (Pergande and Jung
1993; Finney et al. 1997; Jensen et al. 2001). Although
the antibodies used in these tests are specifically
directed against human cystatin C there is significant
homology across species (Poulik et al. 1981; Esnard
et al. 1988) and these tests have been used successfully
to detect cystatin C from dogs, rats, mice, and cats

S.G. Emeigh Hart

(Hakansson et al. 1996; Bokenkamp et al. 2001;
Braun et al. 2002; Martin et al. 2002).

The majority of the additional small protein
analytes used to assess GFR are detected by immuno-
assays with reagents specific for the human proteins,
with variable cross-reactivity with analogous proteins
from other species (Loeb 1998).

EVALUATION

Analyte levels are compared either to those of
a concomitant control group (using appropriate statis-
tical methods of the group size is large enough) or to
laboratory-specific reference intervals for the species,
strain, age, and sex in question. Elevation of analyte
levels outside of the reference range indicate
a decrease in GFR, with the magnitude of the elevation
being roughly proportional to the degree of the
decrement.

Despite these potential shortcomings, serum creat-
inine assessment has been considered the “gold stan-
dard” for assessment of GFR in humans, and is also
widely accepted as an index of GFR in most animal
species (Finco 1997; Starr et al. 2002). In humans,
GFR can be reliably estimated from single point in
time creatinine measurements, using one of several
algorithms that correct for the effects of age and gender
on muscle mass (Cockcroft and Gault 1976; Porter and
Finn 1998; Newman and Price 1999). The most com-
monly used algorithm is that of Cockroft and Gault
(1976), which corrects for the effects of age and gender
on muscle mass and is reasonably accurate in adults
between 30 and 100 years of age:

(140 — age) x weight(kg) x K

GFR =
72 x Serum creatinine(mg/dl)

where K = 0.85 for women, 1.00 for men

A similar algorithm has been calculated for dogs.
The study from which this was derived demonstrated
no influence of diet, gender, or age on the predictive
value of point-in-time plasma creatinine levels for
GFR in this species (Finco et al. 1995):

GFR = 2.6/Serum creatinine(mg/dl)
A number of algorithms for calculation of GFR

based on serum cystatin C measurements have been
generated for adult humans; these also have been
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shown to be applicable to children (Le Bricon et al.
2000; Filler and Lepage 2003; Hoek et al. 2003;
Larsson et al. 2004; Grubb et al. 2005; Sjostrom et al.
2005). All of them are based on the following relation-
ship (with appropriate correction factors applied):

GFR = 1/Serum cystatin C

The accuracy of these methods is dependent upon
the method used for serum cystatin C determination.
Calculation of GFR using both methods simulta-
neously in the same patient will improve the accuracy
of the final result compared to the use of either analyte
alone (Tidman et al. 2008).

Measurement of both urea and creatinine and cal-
culation of the urea:creatinine ratio can provide some
useful information about the etiology of the underlying
process. Since both creatinine and urea nitrogen are
most commonly expressed in mg/dL, this ratio will be
unitless if the raw data values for the analytes are used.
However, in order for results to be compared between
laboratories and across studies it is considered more
accurate to convert the values for both analytes to
their Standard International (SI) unit values (mmol/l
for urea and pmol/l for creatinine, see “Fractional
Excretion Methods” for conversion factors for com-
mon analytes) before calculating the ratio; alterna-
tively, in order to keep the ratio unitless both analytes
can be converted to their pmol/l equivalents by multi-
plying the creatinine value by 88.4 and the urea value
by 357.

If the ratio is elevated as the consequence of eleva-
tion of both analytes the cause may be primary renal
disease; however, extremely high urea:creatinine when
both are elevated (where urea is elevated markedly out
of proportion to creatinine) more likely indicates
decreased renal blood flow (because decreased tubular
flow enhances creatinine excretion while increasing
urea reabsorption), urinary tract obstruction (for the
same reason), or extravasation of urine into the perito-
neal cavity (because urea is more readily reabsorbed
than creatinine from the peritoneum). Elevation in the
urea:creatinine ratio as a consequence of pure urea
elevation can be seen with gastrointestinal hemor-
rhage, high protein diet (as a transient effect),
increased protein catabolism, or loss of muscle mass
(in this circumstance, plasma creatinine may be
reduced). A decreased ratio can indicate early acute
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tubular necrosis but more likely pinpoints primary
liver dysfunction (due to decreased urea synthesis),
decreased protein intake, ingestion of high quality
protein diets used in the management of renal failure,
extremely muscular individuals, or circumstances
of tissue anabolism (Baum et al. 1975; Newman and
Price 1999).

LIMITATIONS OF THE METHOD

Effects on prerenal (dehydration, blood loss, altered
vasomotor tone, age-related decreases in renal blood
flow in rats) and/or postrenal factors (obstruction or
extravasation of urine to the peritoneal cavity) may
cause elevations of the commonly measured analytes
that do not reflect effects on the GFR or loss of func-
tional nephron mass. When these parameters are ele-
vated as a consequence of primary renal injury, they
cannot be used to determine the location of that injury
(glomerulus versus tubule or tubule segment affected)
(Baum et al. 1975; Corman and Michel 1987; Finco
1997; Newman and Price 1999).

The delivery of urea to the peripheral circulation is
variable because the rate of synthesis is not constant,
depending on both dietary protein intake and the func-
tional integrity of the liver. Baseline plasma urea levels
will be elevated in circumstances of increased protein
catabolism, including increased dietary protein intake
(particularly pronounced in dogs), gastrointestinal
hemorrhage, fever, severe burns, corticosteroid admin-
istration, sustained exercise, or muscle wasting,
whereas urea synthesis and baseline plasma levels
decrease with low protein diets, modest food restric-
tion in rodents, hepatic insufficiency, hyperglycemia,
and decreased circulating plasma amino acid levels
(Pickering and Pickering 1984; Finco 1997; Hamberg
1997; Tauson and Wamberg 1998; Newman and Price
1999). In extreme malnutrition, however, the effect of
diminished protein intake is offset by increased urea
synthesis resulting from muscle catabolism as well as
concomitant decreases in renal plasma flow and dehy-
dration, with the net result that baseline plasma urea
levels are usually elevated (Levin et al. 1993; Benabe
and Martinez-Maldonado 1998).

In contrast, creatinine is synthesized and delivered
to the plasma at a fairly consistent rate and the rate of
synthesis decreases as plasma levels increase, presum-
ably due to a feedback control over synthesis (Watson
et al. 2002a). Thus, the day-to-day plasma level in
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a given individual does not fluctuate widely, which has
the disadvantage of limiting the sensitivity of
creatinine as an index of GFR. Consumption of high
meat diets may elevate plasma creatinine and baseline
levels will be elevated in individuals with higher
muscle mass or following sustained exercise or
acute muscle damage. Conversely, serum creatinine
will be lower in individuals who have undergone loss
of muscle mass (Finco 1997; Newman and Price 1999).
Diurnal variations in serum creatinine levels have also
been documented for humans (Finco 1997) and dogs
(Loeb and Quimby 1999), with plasma levels in
general being slightly higher in the afternoon in both
species.

Because of the confounding influences of fluctuat-
ing plasma baseline levels, urea and creatinine eleva-
tions in plasma are in general not sensitive enough to
detect low-level alterations (less than 75% loss) of
GFR. Additional contributions to the lack of sensitivity
of these analytes comes from the contributions of renal
secretion and/or reabsorption to their overall excretion,
(which can compensate for their decreased filtration)
and to inherent imprecision in the assays used (Finn
and Porter 1998; Price 2002; Starr et al. 2002; Shemesh
et al. 1985). In general, urea will underestimate GFR
due to extensive tubular reabsorption with decreased
GFR (Baum et al. 1975; Kaplan and Kohn 1992;
Newman and Price 1999), and creatinine tends to
overestimate GFR because it is secreted by the tubule
in many species and secretion increases both with
reduced GFR and increase in some disease states that
do not affect GFR or renal blood flow directly
(Shemesh et al. 1985; Andreev et al. 1999; Newman
and Price 1999a; Rocco et al. 2002; Sandsoe et al.
2002; Starr et al. 2002).

The Jaffe reaction for creatinine is subject to inter-
ference by numerous endogenous substrates and drugs
or compounds (Schwendenwein and Gabler 2001;
Sonntag and Scholer 2001; Dunn et al. 2004). This
effect can be minimized by using appropriate substrate
extraction or by the use of kinetic assessments. The
urease assay is specific for urea, but increased circu-
lating ammonia (such as occurs in aged plasma
samples, metabolic disorders, and portocaval
shunting) will react with the subsequent reaction and
result in falsely elevated plasma levels (Newman and
Price 1999).

Plasma 2-(a-mannopyranosyl)-L-tryptophan
(MPT) may be a superior indicator of GFR. Unlike

S.G. Emeigh Hart

creatinine, its baseline plasma levels are not influenced
by muscle mass. The point-in-time measurement of
this tryptophan glycoconjugate correlated extremely
well with the inulin clearance; furthermore, MPT
clearance correlated better with inulin clearance (the
“gold standard” for assessment of GFR) than creati-
nine clearance does, suggesting it may be a useful
endogenous marker for GFR in many species. How-
ever, the renal handling of MPT has not been exam-
ined to determine if plasma levels may be influenced
by either reabsorption or secretion (Horiuchi et al.
1994; Gutsche et al. 1999; Takahira et al. 2001).
The analyte requires detection by HPLC methods,
which will limit its utility in clinical or laboratory
settings.

Plasma cystatin C has been extensively compared to
serum creatinine measurements in human medicine,
where it has been shown to be either identical or
superior in sensitivity to serum creatinine as an index
to GFR in all age groups and renal disease states. It
may be superior to creatinine in prediction of alteration
of GFR in circumstances of low-level impairment of
renal function. It is also not affected by nonrenal dis-
eases that augment creatinine secretion (Newman et al.
1994; Price and Finney 2000; Baigent et al. 2001;
Buehrig et al. 2001; Donadio et al. 2001a, 2001b,
2001c; Woitas et al. 2001; Kazama et al. 2002; Laztera
et al. 2002; Oliveri et al. 2002; Rocco et al. 2002).
Cystatin C has been shown to be an equally sensitive
marker of renal injury in the dog (Almy et al. 2002;
Braun et al. 2002) and the rat (Bokenkamp et al. 2001),
but not the cat (Martin et al. 2002), and its utility has
not been explored in other species.

Other small molecular weight proteins in the serum
that have been used as indices of GFR in humans are
generally better predictors of low-level decrements of
GFR than serum creatinine, but none of them are
superior to serum cystatin C in this respect. Addition-
ally, their serum levels in humans have been shown to
be significantly influenced by age, inflammation or
febrile illness, liver disease, and/or corticosteroid
administration (Jung et al. 1987; Donaldson et al.
1990; Melegos et al. 1999; Donadio et al. 2001a,
2001b; Priem et al. 1999, 2001; Woitas et al. 2001;
Bokenkamp et al. 2002; Filler et al. 2002). Further-
more, the cross-reactivity of the antibody detection
reagents with other species and the usefulness of
these markers in animal models have not been well
established (Loeb 1998).
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Assessment of GFR and RBF by Clearance
Methods
PURPOSE AND RATIONALE
The renal clearance of a compound is the volume of
plasma from which that compound is completely
removed by the kidneys per unit time (Pitts 1968).
The material removed from the plasma is generally
excreted in the urine.
Clearance methods can be used for a variety of
purposes:
1. Determination of effects on glomerular filtration
rate (GFR) and renal blood flow (RBF)
2. Determination of the mechanism(s) involved in the
renal excretion of a substrate (more in 1.E.1.1.2.2.3)

PROCEDURE

Clearance procedures can be conducted in all labora-
tory animal species; anesthetized or conscious animal
models may be used. Measurement of arterial pressure
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is advisable, especially in anesthetized preparations, to
insure that renal perfusion pressure remains within
the autoregulatory range (usually 80-120 mmHg).
Vascular access ports can be helpful to provide con-
tinuous arterial access for pressure measurements
(Mann et al. 1987).

Carefully timed and complete collection of urine is
critical to clearance studies. Point-in-time samples are
more easily collected from larger species, either by
free-catch, urethral catheterization, manual compres-
sion of the bladder, or cystocentesis (withdrawal of
urine from directly from the bladder with a needle
and syringe). Catheterization may require sedation or
anesthesia, especially in females of all species and in
male pigs whose urethral recess makes this process
difficult (Van Metre and Angelos 1999). Point-in-
time samples from laboratory rodents may be obtained
by taking advantage of the fact that these animals
frequently urinate when they are handled or shortly
after being removed from their home cage. A skilled,
quick, and prepared operator with a ready small con-
tainer or plain microcapillary tube may be able to
obtain a small sample in the first instance (Loeb and
Quimby 1999); in the second, the animal can be placed
in a small confined space on plastic food wrap and
observed carefully for urination, as it has been shown
that most rodents will urinate within 20 min after
removal from their home cages. The sample thus gen-
erated can be collected by micropipette (Kurien and
Scofield 1999). Manual compression of the bladder can
also be performed on rodents, and cystocentesis may
also be performed by a skilled operator using a small
(25 gauge) needle and syringe (Loeb and Quimby
1999). For repeated point-in-time urine samples from
rats over short periods of time (1-2 weeks after the
surgery), the urethra or the ureter can be cannulated.
Cannulated rats can also be used to collect accurate and
complete timed urine samples (Mandavilli et al. 1991;
Horst et al. 1988). Care must be taken to ensure com-
plete urine collection in catheterized/cannulated
models by flushing the bladder with saline (adding
the wash to the urine volume) and instilling air at
the end of the collection to completely empty the
bladder.

Timed urine collections in all species (including
large animals) can also be obtained by the use of
specially designed metabolism cages. The use of met-
abolic cages for timed urine collection is outlined in
detail in “Urinalysis.”
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In all cases, samples must be collected in clean
containers and must be kept free of contamination
from food, drinking water, feces, blood, and bacteria.
For best results, samples should be analyzed promptly
(ideally within 1 h) after collection, but where analysis
must be delayed, the sample must be protected from
chemical degradation and evaporation, best accom-
plished by using collection containers that are appro-
priately sized for the species in question, tightly
sealing the containers when possible, and keeping the
specimen cold (4°C) until analysis. If chilled or frozen,
samples must be allowed to equilibrate slowly to room
temperature before analysis.

Either endogenous substances or exogenously
administered tracers may be used in clearance studies.
Creatinine and cystatin C have both been used as
endogenous tracers for the determination of GFR.
Either endogenous or exogenous creatinine clearance
can be used to estimate GFR. For endogenous creati-
nine clearance, a single timed urine collection and
matched plasma sample are used, with clearance deter-
mined as described below. Detection of creatinine by
either enzymatic or HPLC methods are recommended
if endogenous creatinine clearance is used, due to the
limitations of the Jaffe method (outlined in “Assess-
ment of GFR by Plasma Chemistry.””) Exogenous cre-
atinine clearance is performed by bolus administration
of creatinine and determination of plasma clearance;
the Jaffe reaction may be used for creatinine determi-
nation in this circumstance. This method compensates
for the insensitivity of the Jaffe detection method at
low creatinine concentrations in plasma by artificially
increasing plasma creatinine levels and, additionally,
removes the underestimation of GFR that results from
the fact that endogenous chromagens are present in
plasma but not urine (Brown 1994; Finco 1997, 2005;
Watson et al. 2002b). In rats, exogenously adminis-
tered cystatin C has been used to determine GFR. For
this tracer, plasma clearance must be used to estimate
GFR due to the fact that cystatin C is reabsorbed and
degraded by the proximal tubule and does not normally
appear in the urine (Roald et al. 2004; Tenstad et al.
1996).

Exogenous tracers are administered intravenously
to achieve near steady state concentrations, generally
by using a priming dose to load the plasma and extra-
cellular compartments, and subsequent infusion to
replace renal losses. Once steady state plasma tracer
levels are approached, a series of timed urine
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collections (clearance periods) are performed, with
blood samples collected at the either the midpoint or
beginning and end of the clearance periods. The urine
and blood (plasma or serum) samples are analyzed for
tracer(s) and the test compound.

Tracers for the determination of GFR must be
freely filtered and then neither secreted nor reabsorbed
from the tubular filtrate. This allows the assumption
that the amount of plasma cleared of the tracer per unit
time represents that which has been filtered through the
glomeruli (i.e., GFR). A number of exogenous tracers
meet these criteria. The fructose polysaccharide, inulin
(mw ~ 5,200) is the most commonly used tracer in all
species and serves as the “gold standard” to which
others are compared (Finco 2005; Brown et al. 1996;
Ragan and Weller 1999). Other indicators include iso-
topes of vitamin Bj,, sodium iodothalamate, iohexol,
and radiolabeled metal chelates of ethylenediaminetet-
raacetate (EDTA) and diethylenetriaminepentaacetic
acid (DPTA) (Sarkar et al. 1988, 1991; Gaspari et al.
1997; Ragan and Weller 1999; Finco 2005). Other
sugars such as the polyfructosan sinistrin (available
commercially as Inutest®) and a commercially avail-
able artificial sweetener derived from sucrose (LC
Sugar®) have also been used as tracers in both humans
and animals (Perez-Rojas et al. 2005; Pill et al. 2005).
As indicated above, clearance of the endogenous sub-
stances creatinine and cystsin C have also been used to
evaluate GFR.

Tracers for the assessment of renal plasma flow
must be completely cleared (combination of filtra-
tion and nearly 100% first pass tubular secretion to
the urine) on first pass through the kidney. This
allows the assumption that the volume of plasma
cleared per unit time represents that which was
either filtered by the glomeruli or bypassed the glo-
meruli and perfused the tubules. p-aminohippurate
(PAH) is used for the assessment of RPF, because it
is both freely filtered by the glomeruli and actively
secreted by the organic acid transport pathway of
the proximal tubule. First-pass PAH extraction by
the kidneys varies from about 70-90% in rats, dogs,
and humans (Brenner et al. 1976), but for the pur-
pose of estimating RBF it is assumed to be 100%.
Using this assumption, RPF is always slightly
underestimated.  Tetracthylammonium  bromide
(TEA), a substrate for the renal cation transporter,
may also be used and is subject to the same limita-
tions (Ragan and Weller 1999).
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Inulin is measured colorimetrically, either by acid
hydrolysis to generate a green product, or by a series of
enzymatic reactions based on inulinase or one of sev-
eral fructosidases. The resulting glucose is either oxi-
dized using glucose oxidase and H,O, and reacted with
anthrone reagent to generate a colored product or is
converted to glucose-6-phosphate or sorbitol with sub-
sequent reduction of NADH, which is detected spec-
trophotometrically (Davidson and Sackner 1963; Day
and Workman 1984; Sugita et al. 1995; Kuehnle et al.
1992). More recently, additional colorimetric electron
acceptors have been developed which are equally or
more sensitive and allow for adaptation of these
methods to automated analyzers (Kimata et al. 2009).
Similar enzymatic methods are used to detect the
polyfructosan tracer reagents (Pérez-Rojas et al.
2005; Pill et al. 2005). A fluorescein-isothiocyanate
(FITC) labeled version of sinistrin has been synthe-
sized that can be measured fluorometrically, with com-
parable accuracy to the enzymatic methods (Pill et al.
2005). HPLC methods are used for the remaining
exogenous GFR tracers. PAH and TEA are measured
colorimetrically (Newman and Price 1999).

EVALUATION
Renal clearance (Cl) of any compound (X) can be
determined by comparing the urinary excretion rate
of compound X to the plasma concentration of
compound X.

The urinary excretion rate is calculated as:

Urinary excretion rate(mg/min) = Ux(mg/ml)
x V(ml/min)

Where U, represents the concentration of substance
X in urine (in mg/ml) and V represents the volume of
urine collected per unit time (in ml/min). Thus, the
clearance equation may be constructed:

Clx(ml/minute) = Ux(mg/ml)
x V(ml/min)/Px(mg/ml)

where Px is the concentration of compound X in
plasma (in mg/ml)

GFR is estimated by calculating the clearance of the
tracer or endogenous substance. RPF estimated using
PAH clearance is often designated effective renal
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plasma flow (ERPF). Renal plasma flow is converted to
renal blood flow (RBF) by dividing ERPF by the
plasma fraction of whole blood, as estimated from the
hematocrit (Hct):

RBF = ERPF/(1 — Hct)

The clearances of other compounds can be com-
pared with inulin clearances to determine how the
kidney functions in the elimination of the test com-
pound. A clearance ratio is constructed by dividing the
renal clearance of the test compound (X) by the renal
clearance of inulin:

Clearance Ratio = CLx, (ml/min)/Clisyjin,(ml/min)

A clearance ratio <1.0 indicates reabsorption of the
test substance following filtration, whereas active
secretion will result in a clearance ratio of > 1.0.

MODIFICATIONS OF THE METHOD

For any of the tracers that meet the criteria specified
above, plasma clearance may be used to estimate GFR
or RPF as an alternative to renal clearance. This is the
only method that can be used for cystatin C due to
the fact that cystatin C is reabsorbed and degraded
by the proximal tubule and does not normally appear
in the urine (Tenstad et al. 1996). This eliminates the
need for accurate timed urine collections, reduces inac-
curacies resulting from matrix effects in the analyte
assays, and allows the use of tracers that are not
excreted into the urine.

Plasma clearance may be determined either after
bolus administration of the tracer or by cessation of
infusion following the establishment of a steady state
plasma level as described above. Multiple timed
plasma samples are then collected for the evaluation
of the plasma tracer levels and calculation of clearance
based on determination of area under the plasma con-
centration curve (AUC), as follows (Bailey et al. 1970;
Frennby et al. 1996; Ronnhedh et al. 1996):

. Qiot

Cl=
AUC

If volume of distribution is known or can be deter-
mined for a given tracer in any species, plasma clear-
ance can be estimated from the plasma concentration
of the tracer collected at a single point in time
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following the establishment of steady state plasma
concentration after IV bolus administration, as follows
(Jacobsson 1983):

Cl = [1/(t/V + 0.0016)] x In[Quy/(V x C))]

where Q. = total quantity of tracer injected,
V = volume of distribution, Ct = plasma concentration
at time t. The formula corrects for non-immediate
mixing and nonuniform distribution of the tracer in
plasma. Although the corrections were derived ini-
tially for inulin clearance in humans, they have been
shown to be accurate for a number of tracers in humans
and rats (Sterner et al. 1996; Orlando et al. 1998;
Katayama et al. 2010).

Alternatively, tracers may be administered by con-
tinuous intravenous infusion until steady state is
reached; at this point, plasma levels are determined at
3-5 time points from samples collected from the arte-
rial system. The median arterial concentration is deter-
mined and clearance is calculated from the following
formula:

Ix(mg/ml) x Iv(ml/min)

Clx(ml/min) = P (mg/m1)

where Ix = concentration of the tracer in the infusion
fluid, and Iv = infusion rate, and Px = median arterial
concentration of the tracer at steady state.
Simultaneous determination of GFR and RPF (using
either inulin or iothalamate combined with PAH in the
infusate) has been performed in rats using this method
(Ronnhedh et al. 1996; Fischer et al. 2000).

LIMITATIONS OF THE METHOD

First-pass extraction of PAH is highly variable both
between species and between individuals within
a species, which adds to the inherent inaccuracy of
the estimate of RBF by this method. Furthermore, the
test compound may interfere with the extraction of
either PAH or TEA by competing for transport by the
organic anion or cation transporters (Newman and
Price 1999; Ragan and Weller 1999).

The limitations of the Jaffe method for creatinine
determination have been discussed in Sect. 1.1.1.
Exogenous creatinine clearance compensates for the
insensitivity of the method as well as the interference
by endogenous chromagens by artificially increasing
the plasma creatinine concentration (Finco 1997).
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Sinistrin (and consequently, FITC-sinistrin) are
available in Europe but availability may be limited in
other geographic areas. Similarly, LC sugar is only
available in South America and is not currently avail-
able as a sterile injectable formulation suitable for
repeated administration or clinical use. (Pérez-Rojas
et al. 2005).
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Assessment of RBF by Intravascular Doppler

Flow Probes

PURPOSE AND RATIONALE

Probes utilizing electromagnetic or Doppler technol-
ogy may be positioned around or within a renal artery
to allow direct measurement of renal blood flow
(Yagil 1990; Haywood et al. 1981). Detection of
blood flow using Doppler systems is based on
changes in the emitted ultrasonic frequency,
a Doppler shift, caused by reflection of the signal of
moving blood cells. The Doppler shift is proportional
to the velocity of blood flow, as indicated by the
following equation:

Af — 2fov cos 0
c
where Af = Doppler peak frequency shift,

fo = transmission frequency, v = instantaneous peak
velocity, 8 = angle of incidence of the beam to the
bloodstream (assumed to be 0° for linear probes) and
¢ = speed of sound in blood (1,570 m/s) (Chilian et al.
1982).

This technique is particularly useful when rapid or
continuous assessment of effects on renal blood flow or
assessment of renal vasoreactivity need to be assessed.

PROCEDURE

Doppler probes have been applied to rats, rabbits, cats,
dogs, pigs, monkeys, and humans; these must be
appropriately calibrated prior to experimental use.
Animals are anesthetized and the probes are placed
within the renal artery via the abdominal aorta, which
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may be accessed via the femoral or carotid arteries.
The diameter of the renal artery at the placement site of
the Doppler probe must be determined simultaneously
to correct velocity measurements for determination of
renal blood flow (see “Evaluation”).

EVALUATION

A number of parameters can be derived from the
Doppler measurements, most commonly including
average peak velocity (APV), pulsatility index (PI),
and resistive index (RI). Renal blood flow (in ml/
min) can be calculated as follows:

APV x 7 x D? x 60

RBF =
4

where D = renal arterial diameter (Doucette et al.
1992).

Resistive index (RI) has been shown in several
species to be positively correlated with tubular dis-
function or postrenal obstruction and its return to nor-
mal may serve as a prognostic indicator of resolution
of tubular disease (Rivers et al. 1997; Shokeir et al.
1996; Tsuji and Taira 2001).

LIMITATIONS OF THE METHOD

Dopper probe assessment of velocity is accurate pri-
marily in straight blood vessels of small diameter
(<476 mm) and at relatively low flow rates
(<200 ml/min), both of which may be exceeded in
normal renal arteries in many species (Lerman and
Rodriguez-Porcel 2001).

In dogs, acute, severe normovolemic anemia signif-
icantly altered renal artery Doppler parameters without
having an influence on Doppler assessment of splanch-
nic blood flow; the technique may thus be inaccurate in
anemic animals (Koma et al. 2006). Furthermore, it is
invasive and the size of the test species to which it can
be applied depends on the availability of appropriately
sized and calibrated probes (Lerman and Rodriguez-
Porcel 2001).
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Assessment of GFR and RBF by Scintigraphic
Imaging

PURPOSE AND RATIONALE

Radioactive indicators (°*° Tc-DPTA, '"*™n-DPTA,
99°Tc-mercaptoacetyltriglycine) may be used to mea-
sure renal blood or plasma flows or glomerular filtra-
tion rate (Reba et al. 1968). These techniques require
intra-arterial or intravenous administration of the
tracer followed by monitoring of the amount of tracer
in the kidneys with an external gamma camera
(Fommei and Volterrani 1995).

In species where extrarenal clearance of tracers
used in the determination of GFR or RPF is high or
variable, external detection methods may actually be
more accurate than plasma clearance methods because
the extrarenal component of plasma removal is elimi-
nated (Drost et al. 2003).

PROCEDURE

Tracer compounds with the same characteristics
described earlier under clearance methods are utilized
for the determination of GFR or RPF, but these are
labeled with radionuclides suitable for scintigraphic
imaging such as 99mm. 1317 1251 67 G4 98 Ga, or
>ICr. Tracers are administered either by intra-arterial
or intravenous administration and are followed by
monitoring the amount of tracer in the kidneys with
an external gamma camera (Fommei and Volterrani
1995). External measurements of radioactivity
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retained in the kidney are made either at timed inter-
vals (rate of accumulation, or slope method) or at
a selected interval, usually corresponding to either
first pass or peak level of the tracer (percent accumu-
lation, or integral method) (Kampa et al. 2002).

Predicted GFR 1/4 0.44 - %dose uptake + 0.87

EVALUATION

With scintigraphic imaging, renal blood flow and and
glomerular filtration rate are estimated using the Fick
Principle:

Flux = DAK x* cl-c

(where A = area, x = distance, C = concentration and
D = diffusion coefficient)

LIMITATIONS OF THE METHOD

These techniques do not yield absolute flow, but rather
flow per unit volume or tissue mass. However, algo-
rithms can be developed in the species of interest
to allow conversion of tissue uptake to GFR or
RBF expressed in standard units by simultaneous
determination of plasma clearance of the tracer in
preliminary experiments (Kelleher et al. 1991;
Kampa et al. 2003), as the correlations between methods
for any given tracer are in general high (Delpassand
et al. 2000).

In general, assessment of GFR or RBF by external
detection methods is less accurate than assessment by
clearance methods, although the correction algorithm
used for the external detection method can influence
the degree of accuracy achievable (De Santo et al.
1999; Itoh et al. 2000; Itoh 2003). Integral methods
(calculated based on the percent of the dose accumu-
lated) are in general more accurate than rate of
accumulation methods because they eliminate vari-
ability resulting from variable durations of the uptake
phase (Kampa et al. 2003). Manual selection of the
region of interest (ROI) for the collection of the
scintigraphy data also improves the accuracy (Kampa
et al. 2002).

MODIFICATIONS OF THE METHOD
Depending on the tracer used, either GFR or RBF can
be estimated from the results. The table below lists
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different tracers that can be used for the assessment of
either GFR or RBF (Emeigh Hart and Kinter 2005):

Radiopharmaceuticals used for estimating:

Glomerular filtration rate Renal blood or plasma flow

H-inulin 3H-para-aminohippuric acid
(PAH)
'*C-inulin '“C-PAH

99mTc_hippuran analogs
99MTc-iminodiacetic PAH
(PAHIDA)
9QmTC—mercaptoacetyltriglycine
(gngc-Mag3)
99MTc-mercaptosuccinyltriglycine
(**™Tc-MSG3)
99mTc-N,N’bis(mercaptoacetyl)-
2,3-diaminopropanoate
(CO2-DADS-A)
123.31jodopyracet (Diodrast)

14C-carboxy inulin
'4C-hydroxy-methyl inulin

13 1I—chloroiodopropyl
inulin
131]-propargyl inulin

1251_djatrizoate

1251311 _jothalamate
(Conray — 60)

311 diatrizoate (Hypaque, '*'I-orthoiodohippurate

Renografin) (Hippuran, OIH)

S1Cy. M. HLIBmE, 140 6768 Gy Nosuccinyl
La-,'°Yb-EDTA desferioxamine
S1Cr-,29m T L B3myy,_ 140 97Ru-ruthenocenyl-glycine

La-,'®Yb-DTPA
5738Co-hydroxycobalamin

(Ruppuran)
99mTe-thiodiglycolic acid
57,58C0_cyanoc0ba1amin

In addition to their use in estimating glomerular
filtration rate and renal blood flow, imaging techniques
are extremely useful for viewing renal tissue in smaller
animals.

Radiopharmaceuticals have been used for this pur-
pose, but more recently, fluorescent probes and
multiphoton microscopy techniques have been used
to allow evaluation of blood flows in living animals
in real time (Peti-Peterdi 2005; Kang et al. 2006).
Regardless of the label or method, probes used for
imaging should be rapidly and specifically extracted
from blood by the kidney and retained for a sufficient
period in the renal tissue to permit imaging. The ideal
probe for imaging the renal parenchyma should be
inert, 100% extracted in a single pass, irreversibly
bound to the parenchyma, not accumulated by other
tissues and not excreted in the urine.
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Assessment of RBF by Microspheres

PURPOSE AND RATIONALE

Microsphere techniques can be used to assess blood
flow in a number of tissues and organs (Rudolph and
Heymann 1967) and have been extensively used to
assess renal blood flow (Katz et al. 1971). Micro-
spheres of a diameter that allows them to be contained
in the microcirculation without separating from the
bloodstream during circulation (usually 15 pm) are
injected into the arterial circulation (either systemic
or specific to the organ of interest), and the tissue is



112

subsequently harvested and the number or concentra-
tion of microspheres is evaluated. Distribution of the
microspheres to the organ or tissue of interest is in
proportion to blood flow and thus the numbers of
microspheres lodging in organ pieces estimates the
blood flow distribution.

PROCEDURE

Accurate determination of renal blood flow by micro-
sphere methods requires that the microspheres are
completely mixed in the central circulation, do not
separate from the blood during circulation, are
completely (100%) extracted in the first pass, are
retained within the tissue of interest once deposited,
and can be accurately measured (e.g., the label remains
attached to the microsphere during tissue processing).
Administration of the microparticle suspension
(including the suspension vehicle used) must not dis-
turb the circulation, either generally or to the organ of
interest, and adequate numbers of microparticles must
be administered to ensure that samples contain at least
200-400 microspheres each, which requires the
administration of very large numbers of microspheres,
especially in larger animals (Buckberg et al. 1971;
Prinzen and Bassingthwaighte 2000).

Radiolabeled microspheres were the first ones
developed and are most commonly used (many of the
isotopes outlined in “Assessment of GFR and RBF by
Scintigraphic Imaging” have been used for this pur-
pose). Microspheres are administered by slow bolus
injection into the left ventricle, at a dose sufficient to
ensure delivery of adequate number of microspheres to
the tissue of interest, as described above. During deliv-
ery of the microspheres, a reference sample of arterial
blood is withdrawn at a measured rate to provide an
estimate of the cardiac output. Following the injection,
the kidneys are harvested and weighed and the micro-
sphere count in representative weighed tissue samples
is determined by liquid scintillation methods
(McDevitt and Nies 1976; Prinzen and
Bassingthwaighte 2000).

EVALUATION

The reference sample is used to provide an estimate of
cardiac output (CO), using the following formula
(McDevitt and Nies 1976):

_ Q; x Reference sample withdrawal rate

QIS

CcO
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where Q; = total quantity of microspheres injected and
Q,s = total quantity of microspheres in the reference
sample.The renal blood flow (RBF) is then calculated
based on the following relationship (Rudolph and
Heymann 1967):

~ Qg x CO
Q;

RBF

Or, more simply (Glenny et al. 1983):

Qyia X Reference sample withdrawal rate

QI'S

RBF

where Qg = quantity of microspheres in the kidney.

MODIFICATIONS OF THE METHOD

More recently, microspheres have been developed that
are labeled with colored or fluorescent dyes. Colored
and fluorescent microspheres are extracted from tis-
sues and blood by digestion (either with KOH or pro-
tease solutions) with potassium hydroxide and
subsequent microfiltration; the dyes are then recovered
from the filtered microspheres within a defined volume
of an appropriate solvent, and their concentrations are
determined spectrophotometrically, fluorometrically,
or by HPLC methodology. (Kowallik et al. 1991;
Glenny et al. 1993; Hakkinen et al. 1995; Mazoit
et al. 1998).

Fluorescent microspheres may also be quantified
using flow cytometry (FACS) following tissue extrac-
tion or in histologic sections, using manual counting of
particles or automated image analysis methods. Both
FACS and histologic techniques have shown good
correlation to extraction methods and radionuclide
techniques, and histologic methods have been used to
evaluate regional differences in blood flow within
a tissue with reasonable accuracy (Austin et al. 1993;
Luchtel et al. 1998; Bernard et al. 2000; Kelly et al.
2000).

Microparticles may also be administered by intra-
venous injection in smaller animals such as rodents
(Bernard et al. 2000; Schimmel et al. 2001), with
acceptable results, provided adequate reference sam-
ples are collected.

LIMITATIONS OF THE METHOD
Although microsphere methods do provide accurate
estimates of total renal blood flow when compared to
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other methods, in general they cannot be used to eval-
uate regional blood flow in the kidney accurately
because they are retained to a disproportionately
greater extent in the cortex compared to the medulla,
due both to trapping of microspheres in the glomeruli
and “skimming” of microspheres at the arcuate arter-
ies, resulting in disproportionately decreased delivery
to the medulla (Clausen et al. 1979; Knox et al. 1984).
However, changes in regional blood flows can be eval-
uated by determining differences in regional deposi-
tion of differentially labeled microspheres that are
administered to the same animal before and after an
experimental manipulation. If fluorescent micro-
spheres are used for this purpose, the fluorochromes
must be selected carefully to ensure adequate separa-
tion of the excitation and emission wavelengths to
prevent “spillover” (Katz et al. 1971; Glenny et al.
1993). Thirteen such fluorochromes have been identi-
fied which do not result in spillover when administered
simultaneously (Schimmel et al. 2001).
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5.1.1.2 Assessment of Renal Tubule

Functions
Urinalysis
PURPOSE AND RATIONALE
More than 99% of the reabsorption of glucose, pro-
tein, and electrolytes occurs in the proximal tubule.
Electrolyte concentrations can be affected by other
tubule segments, but even low-level changes in prox-
imal tubular function will be reflected by increased
urinary excretion of protein and glucose (Stonard
et al. 1987; Finco 1997; Loeb and Quimby 1999;
Newman and Price 1999; Aleo et al. 2002). Standard
and modified urinalysis techniques can be success-
fully used to assess the effects of compounds on
proximal tubule uptake processes (Katsuno et al.
2007).

PROCEDURE

Collection of a good quality sample from the test
species is paramount to obtaining high quality data
from the urinalysis (see “Assessment of GFR by
Plasma Chemistry””). Timed urine collections in all
species (including large animals) can also be obtained
by the use of specially designed metabolism cages.
A metabolism cage consists of an animal chamber
mounted above an excrement collection system. The
animal chamber must be equipped with feeder and
waterer units if an animal is to be housed in the metab-
olism cage for more than a few hours. These need to be
sized appropriately to the test species of interest (espe-
cially regarding the collection container, which must
minimize surface area available for evaporation) and
designed to eliminate contamination of the urine by
food, drinking water, or feces. In selecting the size of
the collection container, the anticipated urine volume
should be considered: a mouse will produce 0.25—-1 ml
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in 24 h of urine; arat, 10 ml; a hamster, 5—8 ml; a rabbit,

600 ml; and a dog or minipig, 500 ml or more (Loeb

1998; McClure 1999; Van Metre and Angelos 1999).

Whatever type of metabolism cage is used, the follow-

ing general precautions are offered:

1. For studies of >24 h duration, test animals should
be acclimated to the metabolism cage for several
days prior to study initiation. During this period,
animals should be monitored frequently to insure
that they learn to use the feeder and waterer systems
properly. Test animals should be maintaining or
gaining weight prior to study initiation.

2. Feeder and waterer systems should provide ample
food and water to meet the animal’s needs for the
duration of urine collection and all separator sys-
tems should function properly. For chronic studies
(>5-7 days duration), it is useful to have a complete
exchange of feeder, waterer, and urine/feces collec-
tor and separator systems so that soiled units may be
rapidly exchanged with clean, dry/filled units at
regular intervals.

3. Cages should be decontaminated, cleaned, rinsed
with distilled/deionized water, and thoroughly
dried prior to use. Surfaces used to collect urine
may be siliconized or sprayed with a suitable hydro-
phobic material (PAM®, General Foods) to facili-
tate urine collection.

4. All surfaces contacting urine should be rinsed with
distilled/deionized water or appropriate solvents to
collect any residuals at appropriate intervals.

5. To preserve the quality of the specimens during
prolonged collection times, the opening of the col-
lection vial needs to be small to prevent evaporation
and the vial should be surrounded either with wet
ice or frozen cold packs to chill the sample promptly
once it is deposited (Loeb 1998; Loeb and Quimby
1999). Urine may also be collected under mineral
oil to prevent evaporative losses. For very small or
antidiuretic animals (e.g., hamsters, gerbils) placing
the cage over a shallow pan of oil and skim feces
from the surface may be necessary while collecting
urine with a pipette from under the oil. To maximize
the volume of the sample collected in rodents in
metabolism cages, food should be withheld (this
also reduces the risk of contamination of the sam-
ple) and water provided (Lee et al. 1998).

Routine urinalysis consists of visual assessment

(color, clarity), volume, specific gravity or osmolality,

pH, and quantitative or semiquantitative determination
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of total protein and glucose and microscopic evalua-
tion of urine sediment (Weingand et al. 1996). Urine
constituents can be measured semiquantitatively using
commercially available “dipstick” test strips
(Chemstrips®, Roche Diagnostics or Multistix®,
Bayer Heath Care Diagnostics), which contain
reagents for the determination of specific gravity, pro-
tein, glucose, ketones, bilirubin, urobilinogen, hemo-
globin, nitrite, and leukocyte esterases (Newman and
Price 1999). These strips may be read manually or
using automated analyzers specific to each product.

If quantitative assessment of urine analytes is
required (see under “Evaluation”), either urine volume
or urine creatinine concentration must be measured and
used to “normalize” the concentration of the measured
analyte. This will negate the effects of differences in
urine concentration between animals and allow for accu-
rate comparison of the results. The daily excretion of
creatinine is fairly consistent in all species and therefore
its quantity in a spot urine sample serves as an accurate
index of the 24 h urine output. This adjustment has been
shown to accurately correct for incomplete timed urine
sample collection in rodents (Haas et al. 1997a), and
works well for other species. Urinary creatinine can be
measured by the same methods used for plasma (see
“Assessment of GFR by Plasma Chemistry”).

EVALUATION
Urine volume, combined with assessment of urine con-
centration (specific gravity or osmolality) can serve as
an index to renal function. With severe acute loss of
functional nephron mass or renal perfusion, urine output
is decreased (oliguria) or absent (anuria), while loss of
the ability of the kidney to adequately concentrate urine
results in the excretion of large volumes of dilute urine.
The commercially available dipstick reagents do
not detect the low levels of glucose found in normal
urine and thus positive results indicate significant
glucosuria in most species (the exception is the gerbil,
where dipstick positive glucosuria is normal due to the
high urine concentration in this species) (McClure
1999). If glucosuria is detected, time-matched plasma
glucose levels are needed to rule out that this result has
not resulted from an increase in the filtered glucose
load. If plasma glucose is normal, the appearance of
glucose in the urine may indicate a functional deficit in
the proximal tubule (Stonard et al. 1987; Finco 1997;
Loeb and Quimby 1999; Newman and Price 1999;
Aleo et al. 2002).
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Because of inherent inaccuracies in the dipsticks
when applied to animal urine (see below under “Lim-
itations of the Method”), positive results by dipstick
for protein (or glucose in some species and under some
conditions) must be followed by detailed qualitative
and quantitative assessment.

Quantitative assessment of urinary protein excre-
tion is necessary to rule out a contribution from glo-
merular malfunction. In general, excretion of markedly
elevated levels of protein is indicative of glomerular
disease, whereas low-level proteinuria indicates tubu-
lar damage or very early/low-grade glomerular injury
(Peterson et al. 1969; Finco 1997).

A number of different methods have been devel-
oped for quantitative assessment, including
turbidometric, colorimetric (biuret and Lowry assays
as examples) and dye-binding assays. All have their
advantages and limitations; in general, biuret assays
tend to detect all types of proteins with equal sensitiv-
ity but require fairly large sample volumes,
turbidometric assays can suffer from lack of precision
with variations in urine ionic strength, and dye-based
methods may suffer from interference with exogenous
and endogenous urine substances. The Folin phenol
(Lowry), Coomassie brilliant blue, and Ponceau
S methods have been recommended as being particu-
larly precise for urine samples (Peterson et al. 1969;
Dilena et al. 1983; Finco 1997; Newman and
Price 1999).

Qualitative assessment (identification of the pro-
teins excreted) is necessary to determine if low-level
proteinuria has resulted from glomerular or tubular
malfunction. Concomitant elevation of albumin and
one or more of the low molecular weight proteins
(which are freely filtered by the normal glomerulus)
indicates that the proteinuria has resulted from
decreased tubular reabsorption of proteins, while albu-
min elevation alone or concurrently with a high molec-
ular weight protein (normally excluded from the
filtrate by the glomerulus) indicates primary glomeru-
lar injury (Peterson et al. 1969; Finn and Porter 1998;
Guder et al. 1998; Umbreit and Wiedemann 2000).
Commonly used filtered low molecular weight pro-
teins include retinol-binding protein (Price 2000,
2002; Aleo et al. 2002, 2003), a,- or fp-microglobulin
(Viau et al. 1986; Loeb 1998; Finn and Porter 1998;
Price 2000, 2002), and cystatin C (Finn and Porter
1998; Herget-Rosenthal et al. 2001; Uchida and
Gotoh 2002).
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LIMITATIONS OF THE METHOD
Because the commercially available dipsticks are
designed for human use, they are inaccurate for
a number of parameters in animal urine. The specific
gravity reagents are completely inaccurate in all spe-
cies. Dipsticks which use a glucose oxidase method for
urine glucose can show a false positive result in species
such as the dog and mouse with high urinary ascorbate
levels or in urine contaminated with hypochlorite used
as a disinfectant (Finco 1997; Loeb and Quimby 1999).
For all glucose detection methods, administration of
formulations that contain glucose or other metaboliz-
able sugars in quantities should be avoided, as they
may transiently overwhelm tubule reabsorption mech-
anisms and generate false positive test results.

Protein detection on the strips is based on
a bromphenol blue method that is most sensitive for
albumin (Newman and Price 1999), which means that
proteinuria that does not result primarily from an
increased albumin excretion may not be detected by this
method. Furthermore, since these tests are designed for
human urine, false positives are frequent in species like
the dog, whose normal urine protein levels are just above
the lower limits for humans (Finco 1997), and dipstick
tests are invariably positive in male rats and mice which
have normal high proteinuria (Loeb and Quimby 1999).

The sensitivity of the quantitative protein assays to
the protein(s) of interest depends in large measure on
which protein is used to generate the standard curve.
Albumin is most commonly used because it is the most
abundant protein in urine and while it is adequate for
most methods (Dilena et al. 1983), it will in general
underestimate the abundance of many other proteins of
interest in urine (Guder and Hofmann 1992).

Qualitative assessment of urine proteins other than
albumin is hampered in many species by the lack of
suitable immunoassays; with the exception of cystatin
C, commerically available antibodies do not cross-
react with the animal proteins (Loeb and Quimby
1999; Uchida and Gotoh 2002). Assessment of urinary
retinol excretion has been shown to be a sensitive
index to retinol-binding protein excretion in the rat
(Aleo et al. 2002, 2003).

MODIFICATIONS OF THE METHOD

Point-in-time samples from laboratory rodents may be
obtained by taking advantage of the fact that these
animals frequently urinate when they are handled or
shortly after being removed from their home cage.
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A skilled, quick, and prepared operator with a ready
small container or plain microcapillary tube may be
able to obtain a small sample in the first instance (Loeb
and Quimby 1999); in the second, the animal can be
placed in a small confined space on plastic food wrap
and observed carefully for urination, as it has been
shown that most rodents will urinate within 20 min
after removal from their home cages. The sample thus
generated can be collected by micropipette (Kurien
and Scofield 1999).

For repeated point-in-time urine samples from rats
over short periods of time (1-2 weeks after the sur-
gery), the urethra or the ureter can be cannulated.
Cannulated rats can also be used to collect accurate
and complete timed urine samples (Mandavilli et al.
1991; Horst et al. 1988).
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Electrolyte Excretion

Since one of the kidney’s primary functions is
maintaining electrolyte and mineral homeostasis in
the face of fluctuating dietary intake and body needs,
examination of plasma and urine electrolyte levels will
provide some insight into renal function. Because of
the large functional mass of the kidney, alteration of
plasma electrolyte levels are usually not detected
until the effect on renal functional is significant
(pathologic). In contrast, urine electrolyte levels
examined with knowledge of plasma levels and
dietary intake can serve as an extremely sensitive
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index to the effect of drugs or chemicals on the func-
tional state of the kidney.

In animal studies, the diet can be carefully con-
trolled and thus the intake (and hence the plasma
electrolyte levels) can be assumed to be fairly
constant. Provided there are no sources of significant
electrolyte loss resulting from the experimental manip-
ulations (e.g., vomiting, diarrhea, salivation), urine
electrolyte levels will reflect effects on either GFR
(determines the filtered load) or tubular secretion or
reabsorption (determines the final urine electrolyte
composition).

Fractional Excretion Methods

PURPOSE AND RATIONALE

Fractional excretion (FE) is the proportion of the fil-
tered load of any analyte that is excreted from the
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plasma. If both tubular function and plasma electrolyte
values are normal, increases in electrolyte FE values
clearly reflect a decrement in GFR. With tubular mal-
function, the direction of the change in FE values
depends on the net direction of electrolyte transport
(i.e., FE will increase for electrolytes that are primarily
reabsorbed and will decrease for secreted electrolytes)
(Finco 1997; Stockham and Scott 2002).

PROCEDURE

FE assessments can be performed in any species, as it
requires only carefully timed complete urine collec-
tions and a concurrent assessment of GFR (see
Sect. 1.1.1 and section “Urinalysis”). FE will be
unitless if the urine collection period is expressed in
minutes, thus (Finco 1997):

__urine electrolyte concentration (mmol/l) x urine (ml/collection period)

GFR(ml/min) x plasma electrolyte concentration (mmol/1)

To eliminate the need for both complete timed urine
collections (difficult to do in most animals) and con-
current assessment of GFR, FE values are usually
calculated based on point-in-time urine collections by
using creatinine excretion during the same time period
as an estimator of GFR (Finco 1997).

Animals are placed in appropriately sized metabo-
lism cages for an appropriate period of time to allow
collection of an adequate volume of urine (see section
“Urinalysis” for methods). At the midpoint of the

FE

collection period a blood sample is obtained under
appropriate anesthesia (note: the use of CO, for anes-
thesia will falsely elevate plasma potassium levels and
render the method inaccurate) for determination of
electrolyte and creatinine levels.

Plasma and urine electrolytes and creatinine are
determined by standard methods (Durst and Siggard-
Andersen 1999; Newman and Price 1999; Scott et al.
1999a). FE is calculated from the results as outlined
below (Stockham and Scott 2002):

urine electrolyte concentration X plasma creatinine concentration

urine creatinine concentration X plasma electrolyte concentration

LIMITATIONS OF THE METHOD

Because there are multiple transporters for most
electroytes and solutes, FE will only reflect effects on
the net tubular transport of solutes, and will most
reliably highlight effects on the major transport path-
way for any given solute. Effects on minor pathways
usually do not alter FE but may contribute to inaccu-
racies in these methods. Because the major tubular
transporter pathways are often localized to a single

nephron segment, FE methods can sometimes be used
to identify the specific segment affected by a test
compound.

The inherent inaccuracy in the use of creatinine
clearance as an estimator of GFR has been discussed
previously (see section ‘“Assessment of GFR by
Plasma Chemistry”). If the Jaffe method for creatinine
is used, the investigator must be aware of potential
interference due to endogenous chromogens (the
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error is magnified in species where these chromogens
are present in higher concentration in the plasma than
in the urine (dog, mouse) (Finco 1997; Dunn et al.
2004) or possibly the test compound (Sonntag and
Scholer 2001). Additionally, plasma electrolyte levels
may fluctuate as the result of eating or due to diurnal
rhythms (Finco 1997). The impact of inaccuracies can
be minimized by consistent timing of urine collection,
fasting of animals before and during urine collection,
and the inclusion of a concurrent untreated (vehicle
control) group in all studies.

In order for FE values to be unitless, all analytes
must be converted to their SI unit (or, if necessary,
molar) equivalents. The table below lists some conver-
sion factors for some of the more commonly used
analytes.

Conventional Conversion

Analyte unit factor SI unit
Albumin g/dL 10 g/l

Ammonia (as NH3) pneg/dL 0.587 pmol/l
Ammonia (as NHy) pg/dl 0.5543 pmol/l
Ammonia (as nitrogen)  pg/dl 0.7139 pmol/l
Bicarbonate mEq/1 1.0 mmol/l
Calcium mg/dl 0.25 mmol/l
Creatinine mg/dl 88.4 pmol/l
Galactose mg/dl 55.506 pmol/l
Glucose mg/dl 0.0555 mmol/l
Glutathione mg/dl 0.032 mmol/l
Magnesium mg/dl 0.411 mmol/l
Manganese ng/ml 18.2 nmol/l
Phosphorus mg/dl 0.323 mmol/l
Potassium mEq/1 1.0 mmol/l
Retinol ug/dl 0.0349 pmol/l
Sodium mEq/l 1.0 mmol/l
Urea nitrogen® mg/dl 0.357 mmol/l
Uric acid (urate) mg/dl 59.48 ptmol/l
General metric mg/dl 0.01 g/l

conversion (proteins)

aConversion is to urea in mmol/l. See “Assessment
of GFR by Plasma Chemistry.”

Data from the following sources: http://www.
globalrph.com/conv_si.htm; http://www.soc-bdr.org/
rds/authors/unit_tables_conversions_and_genetic_
dictionaries/e5196/index_en.html

MODIFICATIONS OF THE METHOD

FE of sodium (FEy;,) is most commonly used to assess
tubular function, and to differentiate between prerenal
and tubular causes of azotemia. Increases in FEy, have
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been detected with acute tubular necrosis, while
decreased FEy, usually indicates decreased tubular
flow rates resulting from decreased renal blood
flow (Espinel 1976). However, in some cases
where acute tubular necrosis or tubular malfunction is
accompanied by decreased renal perfusion or tubular
flow, FEn, will decrease; conversely, FEy, may
be increased in cases where prerenal azotemia
is accompanied by systemic acid—base imbalances
and/or altered excretion of other electrolytes
(Nanji 1981).

FE of magnesium (FEy,) has been shown to be the
most sensitive index in detecting low-level tubular
injury in humans (Barton et al. 1987; Futrakul et al.
1999; Kang et al. 2000; Oladipo et al. 2003). FEy, is
also directly correlated to the magnitude of peritubular
blood flow and serves as a sensitive marker for the
presence of renal interstitial fibrosis (Deekajorndech
2007). Increased FE of calcium (FE(,) has also been
shown to serve as a sensitive index of effects on renal
function unrelated to overt renal injury (Lam and
Adelstein 1986; Tuso and Nortman 1992; Eliott et al.
2000). The transporters for both Ca and Mg reside in
the distal convoluted tubule and connecting tubule and
are regulated by alterations in systemic pH; thus, con-
comitant increases or decreases in both FEyg, and FEc,
may be indicative of the presence of systemic meta-
bolic acidosis or alkalosis, respectively (Nijenhuis
et al. 20006).

FE of urea (FEy,) may be more useful than the
FEN. in distinguishing between prerenal and renal
azotemia in humans, as it appears to more reliably
reflect renal perfusion and does not change with
diuretic administration, which can falsely increase
FEn. (Kaplan and Kohn 1992; Carvounis et al.
2002; Pépin et al. 2007). It thus may also be useful
in making this distinction in animal models. Changes
in the FE of urea also reflect changes in urine flow
rates (in general, these values move parallel to each
other because decreased tubular flow results in
increased urea reabsorption) and can be used as an
estimate of this parameter (Goldstein et al. 1969;
Finco 1997). The methods used to detect urea in
urine are the same as those used in serum (Newman
and Price 1999).

FE of anions (ammonium, bicarbonate) can be used
to determine the potential mechanism underlying sys-
temic acid-base imbalances (Rothstein et al. 1990;
Kim et al. 2001).


http://www.globalrph.com/conv_si.htm
http://www.globalrph.com/conv_si.htm
http://www.soc-bdr.org/rds/authors/unit_tables_conversions_and_genetic_dictionaries/e5196/index_en.html
http://www.soc-bdr.org/rds/authors/unit_tables_conversions_and_genetic_dictionaries/e5196/index_en.html
http://www.soc-bdr.org/rds/authors/unit_tables_conversions_and_genetic_dictionaries/e5196/index_en.html

5 Renal System in Safety Pharmacology

References and Further Reading

Barton CH, Vaziri ND, Martin DC, Choi S, Alikhani S (1987)
Hypomagnesemia and renal magnesium wasting in renal
transplant recipients receiving cyclosporine. Am J Med
83:693-699

Carvounis CP, Nisar S, Guro-Razuman S (2002) Significance of
the fractional excretion of urea in the differential diagnosis of
acute renal failure. Kidney Int 62:2223-2229

Deekajorndech T (2007) A biomarker for detecting early
tubulointerstitial disease and ischemia in glomerulone-
phropathy. Ren Fail 29:1013-1017

Dunn SR, Qi Z, Bottinger EP, Breyer M, Sharma K (2004)
Utility of endogenous creatinine clearance as a measure of
renal function in mice. Kidney Int 65:1959-1967

Durst RA, Siggard-Andersen O (1999) Electrochemistry. In:
Burtis CA, Ashwood ER (eds) Tietz textbook of clinical
chemistry, 3 rd edn. WB Saunders, Philadelphia, pp 133-163

Eliott C, Newman N, Madan A (2000) Gentamicin effects on
urinary electrolyte excretion in healthy subjects. Clin
Pharmacol Ther 67:16-21

Emeigh Hart SG, Kinter LP (2005) Assessing renal effects of
toxicants in vivo. In: Tarloff JB, Lash LH (eds) Toxicology
of the kidney, 3 rd edn. CRC Press, Boca Raton, pp 8§1-147

Espinel CH (1976) The FEy, test. Use in the differential diag-
nosis of acute renal failure. ] Am Med Assoc 236:579-581

Finco DR (1997) Kidney function. In: Kaneko JJ, Harvey JW,
Bruss ML (eds) Clinical biochemistry of domestic animals,
6th edn. Academic Press, San Diego, pp 441485

Futrakul P, Yenrudi S, Futrakul N, Sensirivatana R,
Kingwatanakul P, Jungthirapanich J, Cherdkiadtikul T,
Laohapaibul A, Watana D, Singkhwa V, Futrakul S, Pongsin
P (1999) Tubular function and tubulointerstitial disease. Am
J Kidney Dis 33:886-891

Goldstein MH, Lenz PR, Levitt MF (1969) Effect of urine flow
rate on urea reabsorption in man. Urea as a “tubular marker”.
J Appl Physiol 26:594-599

Kang HS, Kerstan D, Dai L, Ritchie G, Quamme GA
(2000) Aminoglycosides inhibit hormone-stimulated Mg*?
uptake in mouse distal convoluted tubule cells. Can J Physiol
Pharmacol 78(8):595-602

Kaplan AA, Kohn OF (1992) Fractional excretion of urea as
a guide to renal dysfunction. Am J Nephrol 12:49-54

Kim HY, Han JS, Jeon US, Joo KW, Earm JH, Ahn C, Lee JS,
Kim GH (2001) Clinical signficance of the fractional excre-
tion of anions in metabolic acidosis. Clin Nephrol
55(6):448-452

Lam M, Adelstein DJ (1986) Hypomagnesemia and renal mag-
nesium wasting in patients treated with cisplatin. Am
J Kidney Dis 8:164-169

Nanji AJ (1981) Increased fractional excretion of sodium in
prerenal azotemia: need for careful interpretation. Clin
Chem 27:1314-1315

Newman DJ, Price CP (1999) Renal function and nitrogen
metabolites. In: Burtis CA, Ashwood ER (eds) Tietz text-
book of clinical chemistry, 3rd edn. WB Saunders, Philadel-
phia, pp 1204-1270

Nijenhuis T, Renkema KY, Hoenderop JG, Bindels RJ
(2006) Acid-base status determines the renal expression of

119

Ca®* and Mg** transport proteins. J Am Soc Nephrol
17:617-626

Oladipo OO, Onubi J, Awobusuyi O, Afonja OA (2003) Frac-
tional excretion of magnesium of chronic renal failure
patients in Lagos, Nigeria. Niger Postgrad Med J 10:131-134

Pépin MN, Bouchard J, Legault L, Ethier J (2007) Diagnostic
performance of fractional excretion of urea and fractional
excretion of sodium in the evaluations of patients with acute
kidney injury with or without diuretic treatment. Am
J Kidney Dis 50:566-573

Rothstein M, Obialo C, Hruska KA (1990) Renal tubular acido-
sis. Endocrinol Metab Clin North Am 19(4):869—-887

Scott MG, Heusel JW, LeGrys VA, Siggard-Andersen O (1999a)
Electrolytes and blood gases. In: Burtis CA, Ashwood ER
(eds) Tietz textbook of clinical chemistry, 3rd edn. WB
Saunders, Philadelphia, pp 1056—-1092

Sonntag O, Scholer A (2001) Drug interference in clinical chem-
istry: recommendation of drugs and their concentrations to be
used in drug interference studies. Ann Clin Biochem
38:376-385

Stockham SL, Scott MA (2002) Fundamentals of veterinary
clinical pathology, Ist edn. Iowa State University Press,
Ames

Tuso PJ, Nortman D (1992) Renal magnesium wasting associ-
ated with acetaminophen abuse. Conn Med 56:421-423

Quantitative Electrolyte Excretion

PURPOSE AND RATIONALE

Fractional excretion methods are useful in that they
can identify alterations in analyte excretion with rela-
tive ease, as they require only point-in-time assessment
of analyte concentration and do not require complete
and timed urine collection. Greater sensitivity, how-
ever, is obtained with quantitative evaluation of elec-
trolyte excretion. This method is more difficult,
requiring carefully timed, complete urine collection,
and because plasma levels are not evaluated there
needs to be reasonable assurance that the changes in
excretion seen do not result from alteration of the
filtered load of the analyte in question (e.g., plasma
levels and GFR remain consistent). In animal studies,
where the diet is carefully controlled, these factors are
not usually of concern.

PROCEDURE

The method can be used on any species, although
rats are most commonly used. Animals are usually
fasted but allowed access to water; if anesthetized
animals are used, intravenous administration
of balanced electrolyte solutions (e.g., lactated
Ringer’s solution) or 0.9% NaCl solution can be
administered by intravenous infusion to ensure that
plasma volume (and thus GFR) and electrolyte levels
are maintained.
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Urine is collected by any appropriate method
(see “Urinalysis”) over a specified period of time. If
possible, the urinary bladder should be emptied before
collection of test urine is initiated and at the end of the
collection period; this can be accomplished in dogs by
catheterization and in rodents by handling or manual
expression of the bladder. If metabolism cages are
used, special care must be taken to avoid evaporation
of urine and contamination of the vials with feces or
drinking water, as accurate determination of volume is
important. The volume of urine collected is determined
gravimetrically, and urine electrolytes are measured by
standard methods (Durst and Siggard-Andersen 1999;
Scott et al. 1999Db).

S.G. Emeigh Hart

Electrolyte concentrations need to be converted to
their SI equivalents before calculation of electrolyte
excretion (see “Fractional Excretion Methods”).

EVALUATION

The volume of urine collected over the time period is
defined as the urine flow rate:

V = volume collected/time period

(expressed in mL/min)

and electrolyte excretion (UxV) is defined as:

UxV = {[(concentration of X in urine) x V]/body weight in g} x 100(expressed in mmol/min/100g)

As a general rule:
UnaV + UkV = UV
and
UnaV + UkV 4+ UV + Uyrea V = urine osmolality

If the first equation is untrue, the assumption must be
made that there are additional anions in the urine. Car-
bonic anhydrase inhibition (i.e., excess urinary bicar-
bonate) may be the reason for this finding if the ratio:

UaV
UnaV + UV

is less than 0.8.

Deviations in the second equation indicate electro-
lyte or nonelectrolyte “gaps” and suggest the presence
of unusual solutes in urine.

Net natriuretic activity can be assessed by evalua-
tion of the ratio:

UnaV
UV

Values greater than 2.0 indicate a favorable natri-
uretic effect, and values greater than 10.0 indicate
a potassium-sparing effect.
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Assessment of Tubular Transport Processes
Assessment of Organic Anion and Cation Transport
PURPOSE AND RATIONALE

A number of transporters for organic anions and cat-
ions are present on both the lumenal and basolateral
surfaces of the proximal tubules. These are essential to
the secretion and/or reabsorption of a number of
endogenous substrates as well as functioning in the
elimination of xenobiotics. These transporters fre-
quently function as ion exchangers and their activity
is thus bidirectional, so that the net direction of trans-
port (i.e., secretion or reabsorption) for any given sub-
strate depends not only on the numbers and activity of
the transporters on either side of the tubule but also on
the presence and concentration of competing or
cotransported substrates. This feature of tubular
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transport has been one of the major challenges in the
development of uricosuric agents for the treatment of
hyperuricemia and influences the nature and impact of
drug—drug interactions (Launay-Vachera et al. 2006;
Terkeltaub et al. 2006). Compounds that affect either
the expression or activity of transporters, are compet-
itive substrates for them, or act as inhibitors of trans-
port thus may affect not only the clearance of
therapeutic agents but also that of endogenous metab-
olites (Wright and Dantzler 2004; Launay-Vachera
et al. 2006).

PROCEDURE
The choice of substrate or inhibitor used depends on
the transport process or specific transporter of interest.
Table 5.1 lists the most commonly used substrates and
their transporters (note: most inhibitors act competi-
tively and are themselves substrates for the transporter
in question).

Transport studies can be performed in any animal
model from which urine and plasma may be collected
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readily. Inhibitors are administered 30 min—1 h before
the administration of the test substance. Substrates are
usually administered intravenously, and are detected in
urine and plasma most commonly by colorimetric
methods. The exception is glycylsarcosine, which is
either used as a [14C] radiometric tracer for clearance
studies or as a [11C] PET tracer for in vivo uptake
studies (Ocheltree et al. 2005; Nabulsi et al. 2005)

EVALUATION

Standard clearance, fractional excretion (FE), or excre-
tion methods are used to assess the effects (see
“Assessment of GFR and RBF by Clearance Methods”
and “Electrolyte Excretion” for details).

LIMITATIONS OF THE METHOD

Significant sex differences exist in renal transporter
expression and activity in rodents, with activity in
males being generally greater than in females (Morris
et al. 2003; Sekine et al. 2006). Sex hormone regula-
tion of the same transporter can differ across species,

Table 5.1 List of most commonly used sub-strates and their transporters

Commonest  Net transport  Transporter(s)
Compound use direction affected Comments
Tetraecthylammonium (TEA) Substrate Secretion OCT1, OCT2, OCT3 Most commonly used substrate
1-methyl-4- Substrate Secretion OCT1, OCT2 Can be used to differentiate OCT3-mediated
phenylpyridinium (MPP*) transport
Tributylmethylammonium  Substrate Secretion OCT3 Can be used to differentiate OCT3-mediated
(TBuMA) transport
Urate Substrate Secretion or  URATI, OATI, URAT!I is selective for urate in human kidney
Reabsorption OAT3 but its ortholog has other OA transport
(species functions in other species. Net transport is
dependent) reabsorption in humans but secretion in
animals
p-aminohippurate (PAH) Substrate Secretion OAT1, OAT2, Most commonly used substrate. Questionable
OAT3(?), OAT4 substrate for OAT3
Estrone sulfate Substrate Secretion OAT3, OAT4, Oatpl Oatps are homologues of bile acid transporters
in the liver
Lucifer yellow Substrate Secretion OAT1 Can be detected spectrofluorometrically
Phenolsulfonphthalein Substrate Secretion OAT3 Clearance has traditionally been used as
(Phenol red) a surrogate for urate transport
Glycylsarcosine Substrate Reabsorption PEPT1, PEPT2 Equal affinity for both PEPTs, but renal
reabsorption is primarily PEPT2 mediated
Probenecid Inhibitor OAT1, OAT2, Used therapeutically and experimentally
OAT3, URATI1
Cimetidine Inhibitor OAT3 Used to correct creatinine clearance for the
contribution of tubular secretion
Benzbromarone Inhibitor URATI1 Selective for URAT1

Pyrazinamide
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Table 5.2 Common gender-related differences in renal transport processes®

Transporter Selected substrate(s) Species

Oatph Estrone sulfate Rat
Glutathione (GSH)

OATI Urate Rat
PAH
PGE,
Cysteine conjugates

OAT3 Urate Rat
PAH
Cimetidine

OAT2 PAH Mouse
PGE,

OAT2 PAH Rat
PGE,

OCT2 TEA Rat

MRP1 Lipophilic cations Mouse
GSH, glucuronide &
sulfate conjugates

MRP4 GSH, glucuronide & Mouse
sulfate conjugates

SGLT1 Glucose Rat

Galactose

Gender difference
Male > female

Male > female

Male > female

Male > female

Famale > male

Male > female
Female > male

S.G. Emeigh Hart

Response to treatment with:

Testosterone

Strong increase

Increase

Increase

Strong decrease

Increase
Not determined

Estrogen
Decrease

Strong decrease

No effect

Weak increase

Decrease
Not determined

Male > female Increase No effect

Female > male Decrease No effect

Data from Morris et al. 2003; Wright and Dantzler 2004; Saboli¢ et al. 2006; Ljubojevic et al. 2004, 2007.
"Note: net effect of Oatp transport is reabsorption, whereas for others the net effect is secretion.

and similar transporters can have different sex hor-
mone regulation within a species. These must be
taken into account both in designing experiments to
evaluate effects on organic anion or cation transport
systems as well as in evaluating the clinical relevance
of those results. Some of the common gender-related
differences in renal transport processes are outlined in
the Table 5.2:

Many of the substrates, and all of the inhibitors, are
not specific enough for accurate determination of the
exact transporter affected by the test compound. Fur-
thermore, redundancies in tubular transport processes
exist that can mask the ability to detect alteration in
function of any single transporter by even selective
inhibitors.

MODIFICATIONS OF THE METHOD

The listed substrates and inhibitors may also be used in
in vitro models such as isolated tubules or kidney
slices. In the latter model, net transport is usually
assessed by measuring either the disappearance of the
substrate from the medium or, more commonly, the
degree or rate of accumulation of the substrate over
time in the tissue slice (Kirkpatrick and Gandolfi
2005).
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Evaluation of Receptor-Mediated Endocytosis
PURPOSE AND RATIONALE

Reuptake of low molecular weight proteins that are
freely filtered at the glomerulus (as well as some high
molecular weight proteins) occurs primarily in the
proximal tubule as the consequence of receptor-
mediated endocytosis. For most of these, the process
is mediated through megalin binding, either directly or
subsequent to their binding to cubulin (a brush border
membrane associated protein that is internalized
following ligand binding and complex formation
with megalin). The megalin-protein complexes are
internalized, forming primary endosomes. These are
subsequently acidified through the action of a
number of proton exchange transporters, the most
crtical of which are Na*/H* exchanger-3 (NHE3)
and Cl-/H + antiporter-5 (CIC-5). The decrease in
pH results in release of the proton exchange
transporters, megalin and cubulin from the late
endosomes, which are recycled back to the brush
border, as illustrated in Fig. 5 (Leheste et al. 1999;
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Christensen 2002; Verroust 2002; Verroust et al.
2002; Guggino 2007).

In addition to its role in renal endosomal acidifi-
cation, NHE3 is also critically important to the nor-
mal endocytic uptake of megalin-protein complexes.
The two proteins are located in close association in
the proximal tubule brush border and disruption of
this association results in decreased or absent
megalin mediated endocytosis (Biemesderfer et al.
1999; Gekle et al. 1999, 2004). Because the
activity of NHE3 in the proximal tubule is
primarily regulated by alterations in its turnover
and/or trafficking to the brush border membrane
(there exists a substantial intracellular pool within
the proximal tubule that can rapidly exchange with
the transmembrane, megalin-associated NHE3 pool),
any physiologic, pharmacologic or toxic stimulus
that affects the relative distribution of NHE3 within
the proximal tubule cell can have a profound effect
on megalin-mediated endocytosis and result in either
increases or decreases in urinary low molecular
weight proteins (Donnowitz and Li 2007).

PROCEDURE
A listing of endogenous substrates for megalin-
mediated transport is found in Table 5.3. Several of
these (listed in italics in the table) have either been used
or proposed as biomarkers of renal tubular function.
While the presence of either any or increased quantities
of one or more of these proteins in the urine is consid-
ered evidence of alteration of renal tubular protein trans-
port, greater sensitivity to detect detriments in renal
protein transport has been shown by using fractional
excretion or clearance methods (Tencer et al. 1998a).

Information from: Leheste et al. 1999; Moestrup
et al. 1996; Marin6 et al. 2001; Christensen 2002;
Verroust 2002; Verroust et al. 2002; Gburek et al.
2003; Cutillas et al. 2004; Roald et al. 2004; Oyama
et al. 2005; Meistermann et al. 2006; Wolff et al. 2006;
Kobori et al. 2008.

Proteins in italics have been used or proposed as
urinary biomarkers of altered tubular protein transport.

The proteins can be detected and quantified in
plasma and urine samples by appropriately-validated
ELISA methods. Mass spectroscopy methods have
also been used (Meistermann et al. 2006). Assessment
of urinary retinol excretion has been shown to be
a sensitive index to retinol binding protein excretion
in the rat (Aleo et al. 2002, 2003).
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Table 5.3 List of endogenous substrates for megalin-mediated transport

Vitamin-binding proteins/

apolipoproteins Hormones Enzymes

Apo-Al Angiotensinogen a-amylase

Apo-AlV Insulin Carbonic anhydrase

Apo-B Parathyroid Lipoprotein lipase

hormone

Apo-E Prolactin Lysozyme

Apo-J (clusterin) Thyroglobulin Plasminogen

Apo-H Plasminogen activator
inhibitor-1

Cubulin Plasminogen activator
inhibitor-1 (PAI-1)

Metallothionein PAI-1-urokinase

Retinol-binding protein PAI-1-tPA

Transferrin Pro-urokinase
Transthyretin
Transcobalamin

Vitamin D-binding protein

EVALUATION

Standard clearance, fractional excretion (FE) or excre-
tion methods are used to evaluate the effects (see
“Assessment of GFR and RBF by Clearance Methods”
and “Electrolyte Excretion” for details).

LIMITATION OF THE METHOD

The usefulness of these assessments in animals are
limited by the lack of suitable immunoassays, as in
many cases, commerically available antibodies do not
cross-react with animal proteins. Notable exceptions
are cystatin C and B,-microglobulin (Viau et al. 1986;
Loeb and Quimby 1999; Uchida and Gotoh 2002).

MODIFICATION OF THE METHOD

More recently, the use of fluorescently labeled probe
proteins (such as FITC-albumin) and multiphoton
microscopy techniques have allowed evaluation
of alterations in protein transport in real time
(Peti-Peterdi 2005).

Growth factors/cytokines
Angiogenin

Chemokine 14
Complement factor B

Complement factor C2
Complement factor D
Complement factor H

Epidermal growth factor

IGF-binding protein-2
IGF-binding protein-4

IGF-binding protein-5
IGF-binding protein-6
IGF-1I
Neutrophil-activating
peptide

Pigment

S.G. Emeigh Hart

Miscellaneous
Albumin
o;-Microglobulin
o,-HS-glycoprotein

p2-Microglobulin
p>-Glycoprotein 1
Cystatin C

Cytochrome ¢

Fibronectin FN70

Immunoglobulin light
chains

Hemoglobin
Hemopexin
Lactoferrin
L-fatty-acid-binding
protein
Myoglobulin

epithelium—derived factor
Major urinary protein-1
(MUP-1)
Orosomucoid
Odorant-binding protein
Zinc-o,-glycoprotein
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Evaluation of Tubular Function by

Micropuncture

PURPOSE AND RATIONALE

Micropuncture is an important method for determining
the effects of drugs or chemicals on single nephron
function in the intact kidney, and can provide informa-
tion concerning tubular handling of a drug or chemical.
Micropuncture is a highly specialized technique that
requires considerable equipment and experience to be
utilized properly.

PROCEDURE

Studies may be done in small rodents and dogs, and
studies in various strains of rats are most common.
Munich-Wistar rats are frequently used for micropunc-
ture studies because the glomeruli are visible and
accessible at the surface of the kidney (Ramsey and
Knox, 1996). The animals are fasted for 16 h before the
beginning of the experiment, but have free access to
tap water. After anesthesia the animals are placed on
a thermostatically heated table. Following tracheot-
omy, the carotid artery and jugular vein are cannulated
for blood pressure recording, blood sampling, and for
infusion of compounds, respectively. The left kidney is
carefully exposed by a flank incision and immersed in
a vessel containing mineral oil at 37°C. Proximal
tubules are identified under a microscope on the sur-
face of the kidney and a micropipette (glass capillary
tube of 8-10 mm external diameter) is inserted.
A small amount of mineral oil or wax is infused to
block retrograde flow of the perfusion fluid and the
cannulated tubules then are infused with saline or
appropriate balanced electrolyte solution containing
inulin (H® or flourescein isothiocyanate conjugated)
and a dye solution (lissamine green or other suitable
dye) to assess the volume of absorption and identify the
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perfused segments, respectively. The infusion rate/vol-
ume is determined by the size of the animal. Distal
collection is done by identification of the perfused
segment by its dye content; a second micropipette is
then inserted, a distal oil or wax block is placed and the
infusion fluid can be collected for subsequent analysis
(Knox and Marchand 1976; Ramsey and Knox 1996;
Lorenz et al. 1999; Wang et al. 1993, 1999).

EVALUATION

Fluid reabsorption (J,) is assessed by comparing the
inulin concentration in the perfusate to that in the
collected sample, thus (Wang et al. 1993):

J,=Vo— VL

where VL is the collected fluid volume (normalized for
the length of the tubular segment over which it was
collected), and:

Vo = VL(INL/INp)

where INL = concentration of inulin in the collected
sample, and INj is the inulin concentration in the
perfusate.

The net flux of the desired analyte (Jx, where X is
the anlyte of interest — Na, K, HCOj;, glucose, etc.), is
calculated thus:

Jx = Vo[Xo] = VLIX]_

where [X], is the concentration of the analyte in the
perfusion fluid, and [X]. is the concentration of the
analyte in the collected fluid.

MODIFICATION OF THE METHOD

Inulin conjugated to fluorescein isothiocyanate (FITC)
may be used in place of the radiolabeled inulin. The
inulin concentration in the sample is assessed by com-
paring the fluorescence in the sample to a standard
curve (Lorenz and Gruenstein 1999).

This technique can be applied to distal tubules as
well as to proximal tubules. Distal tubules are identi-
fied at the surface of the isolated kidney following
micropuncture and perfusion of a proximal tubule as
described above. Once the dye reaches the superficial
portion of the distal tubule, it is blocked with oil or wax
and accessed both proximally and distally as described
above (Levine 1985).
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Evaluation of Tubular Function by Stop Flow
Techniques
PURPOSE AND RATIONALE
This procedure is of historic value in the localization of
transport processes along the length of the nephron.
During clamping of the ureter, glomerular filtration is
grossly reduced. The contact time for the tubular fluid
in the respective nephron segments increases, and the
concentration of the constituents of tubular fluid
should approximate the static-head situation. After
release of the clamp, the rapid passage of the tubular
fluid should modify the composition of the fluid only
slightly. The first samples should correspond to the
distal nephron segment, the latest to glomerular fluid.
With introduction of micropuncture techniques
(“Evaluation of Tubular Function by Stop Flow Tech-
niques”), evaluation of segment-specific transport using
whole kidney stop flow techniques has become less com-
mon. However, the observation that the conduct of stop
flow studies in single nephrons resulted in pronounced
vasoconstriction of the afferent arteriole of the affected
nephron (Arendshorst et al. 1974) led to the application of
this technique to the study of this phenomenon. Micro-
puncture stop flow methods are thus more commonly
used to investigate tubuloglomerular feedback (TGF)
regulatory mechanisms.
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PROCEDURE
The whole kidney stop flow method was originally
described by Malvin et al. (1958). Larger species
(rats, dogs, and rabbits) are most commonly used. Ani-
mals are maintained under general anesthesia and intense
osmotic diuresis (via IV perfusion with a hypertonic
solution such as saline or mannitol) is initiated. Once
diuresis has been established, a ureter is clamped for
several minutes allowing a relatively static column of
urine to remain in contact with the various tubular seg-
ments for longer than the usual periods of time. Thus, the
operation of each segment on the tubular fluid is exag-
gerated. Then the clamp is released, and the urine is
sampled sequentially. Small serial samples are collected
rapidly, the earliest sample representing fluid that had
been in contact with the most distal nephron segment.
The test substance of interest, along with inulin or
another marker of glomerular filtration, is administered
intravenously to equilibrium before the application of
uretral occlusion. Blood samples are collected at the
midpoint of the occlusion period for the determination
of the test substrate and the glomerular marker (for
subsequent assessment of clearance as described in
“Assessment of GFR and RBF by Clearance Methods”).

EVALUATION

In each sample the concentration of a glomerular
marker, such as inulin, and the concentration of the
substance under study are measured. The urine flow
rate may be calculated by dividing the volume of sample
collected by the collection interval (this is thus
expressed in ml/min). Clearance of the test substance
and the glomerular marker are calculated (see “Assess-
ment of GFR and RBF by Clearance Methods”). Frac-
tional excretion of the test substrate is calculated as
described in “Fractional Excretion Methods,” or by
dividing the clearance of the test substrate by that of
the glomerular marker (Tanaka et al. 1990).

MODIFICATIONS OF THE METHOD
An early modification of the whole kidney stop flow
technique obliterates the renal pelvis dead space in dogs
just prior to the ureteral obstruction. This allows stop
flow experiments to be performed with less intense
diuresis and still generate reliable determination of distal
tubular fluid composition (Jaenike and Berliner 1960).
The clearance of endogenous substrates (e.g., urate,
uric acid, electrolytes) may be used instead of those
of exogenously administered compounds to assess
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tubular function (Shinosaki and Yonetani 1989;
Tanaka et al. 1990: Shinosaki et al. 1991). Creatinine
(either endogenous or exogenous) may be used in place
of inulin as a marker of glomerular filtration (Young
and Edwards 1964; Tanaka et al. 1990).

Stop flow techniques can be performed in isolated
perfused tubular segments using micropuncture tech-
niques (see “Evaluation of Tubular Function by Stop
Flow Techniques”). The proximal and distal micro-
punctures are performed as described, but instead of
immediately collecting fluid from the distal micropi-
pette, pressure is applied equal to that of the perfusion
pressure at the proximal pipette, until flow ceases at the
infusing pipette. Sampling occurs following a period in
which the perfusate remains static in the perfused
tubule segment. Care must be taken, especially in
mice, to prevent tubular leaking with excessive stop-
flow pressures or infusion rates (Schnermann 1999).

Micropuncture techniques are used for evaluation
of effects on tubuloglomerular feedback (TGF). Sur-
face visible juxtamedullary nephrons in which the
proximal segment and loop of Henle can both be iden-
tified and accessed are utilized. The proximal segment
is accessed as described in “Evaluation of Tubular
Function by Stop Flow Techniques,” but a viscous oil
is used to block the distal micropuncture site and the
proximal site is used to record the stop flow pressure
(SFP) just proximal to the blocked segment. The loop
of Henle just distal to the stopped segment is accessed
and perfused with Ringer’s solution at varying rates of
flow, usually over a range of 10—40 nl/min. The
resulting decrease in SFP in the upstream segment of
the nephron as a function of increased flow rate is
plotted and the slope of the resulting line used to define
the magnitude of the TGF response. Test compounds
are added to the perfusate to determine their effect on
the TGF response by evaluating the change in the slope
of the SPF-perfusion rate line. The baseline
(unperfused) SFP is be determined in the perfused
nephron before initiation of perfusion; alternatively,
the proximal segments of adjacent nephrons may be
blocked in a similar fashion but left unperfused to
serve as controls (Schnermann et al. 1973a; Wright
and Schnermann 1974; Carlstrom et al. 2010).

As an alternative to measurement of SFP in the
perfused nephron, constriction of its afferent arteriole
may be visualized using a high contrast video system.
The diameter of the afferent arteriole is then deter-
mined from the images and the linear relationship
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between this parameter and the distal tubular perfusion
rate is used as an index to the magnitude of the TGF
response (Casellas and Moore 1990).

References and Further Reading

Arendshorst WJ, Finn WF, Gottschalk CW (1974) Nephron
stop-flow pressure response to obstruction for 24 hours in
the rat kidney. J Clin Invest 53:1497-1500

Carlstrom M, Wilcox CM, Welch WJ (2010) Adenosine A2

receptors modulate tubuloglomerular feedback. Am
J Physiol Renal Physiol 299:F412-F417
Casellas C, Moore LC (1990) Autoregulation and

tubuloglomerular feedback in juxtamedullary glomerular
arterioles. Am J Physiol 258 (Renal Fluid Electrolyte Physiol
27):F660-F669

Jaenike JR, Berliner RW (1960) A study of distal renal tubular
functions by a modified stop flow technique. J Clin Invest
39:481-490

Malvin RL, Wilde WS, Sullivan LP (1958) Localisation of neph-
ron transport by stop flow analysis. Am J Physiol 194:135-142

Muschaweck R, Sturm K (1972) Diuretika. In: Ehrhart G,
Ruschig H (eds) Arzneimittel. Entwicklung — Wirkung —
Darstellung, vol 2, Verlag Chemie, Weinheim/Bergstrasse,
Germany, pp 317-328

Schnermann  J  (1999)  Micropuncture  analysis  of
tubuloglomerular feedback regulation in transgenic mice.
J Am Soc Nephrol 10:2614-2619

Schnermann J, Persson AEG, Agerup B
Tubuloglomerular Feedback

Schnermann J, Persson AE, Agerup B (1973) Tubuloglomerular
feedback. Nonlinear relation between glomerular hydrostatic
pressure and loop of Henle perfusion rate. J Clin Invest
52:862-869

Shinosaki T, Yonetani Y (1989) Stop-flow studies on tubular
transport of uric acid in rats. Adv Exp Med Biol 253A:293-300

Shinosaki T, Harada H, Yonetani Y (1991) Uricosuric property
of a new diuretic compound, S-8666-S-(—)-enantiomer. Drug
Dev Res 22:153-163

Tanaka S, Kanda A, Ashida SI (1990) Uricosuric and diuretic
activities of DR-3438 in dogs and rabbits. Japan J Pharmacol
54:307-314

Wright FS, Schnermann J (1974) Interference with feedback
control of glomerular filtration rate by furosemide, triflocin,
and cyanide. J Clin Invest 53:1695-1708

Young JA, Edwards KDG (1964) Stop-flow analysis of
renal tubular function in the rat undergoing osmotic diuresis
due to creatinine loading. Aust J Exp Biol Med Sci
42:667-688

(1973)

5.1.1.3 Assessment of Glomerular Function
Urinary Protein Markers of Glomerular Function
PURPOSE AND RATIONALE

The filtration of proteins across the glomerulus is lim-
ited primarily by their molecular radius, which is
a function of molecular weight. The size limitation is
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a function of both the pore sizes of the glomerular
capillaries as well as the maintenance of a net negative
charge by the glomerular basement membrane (GBM).
Low level structural or functional changes in podocytes
(e.g., alteration in the cytoskeleton or the number or
nature of cell—cell interactions), loss of the net negative
charge on the GBM, or minor alteration in the contrac-
tile states of the mesangial cells serve to increase the
effective diameters of primarily the small membrane
pores, while more pronounced or prolonged structural
damage to the glomerulus (especially the podocytes)
increases the relative numbers of large pores present on
the glomerular capillaries. The net result overall is
increased excretion of protein into the urine. Slight
increases in effective small pore diameter resulting
from the former conditions will result in the appearance
of smaller molecular weight proteins (i.e., those with
molecular radii very close to the normal effective pore
diameter, such as albumin, and to a lesser extent, IgG)
in the urine, as the normal tubular uptake pathways for
small molecular weight proteins will become rapidly
saturated due to the increased tubular filtered load. In
contrast, significant structural or functional changes in
podocytes or glomerular mesangial cells will result in
a relative increase in the numbers of larger pores,
resulting in the appearance of larger molecular weight
proteins (Tencer et al. 1998a, 1998b; Mundel and
Reiser 2010; Tossidou et al. 2010).

PROCEDURE

Time-matched urine and blood samples are collected
and determination of the concentration of the
analyte(s) of interest are performed as described pre-
viously (see “Assessment of GFR by Plasma Chemis-
try”, “Urinalysis” and “Assessment of Tubular
Transport Processes™).

Because increased albumin excretion is almost
always the consequence of glomerular injury, it is
generally considered the most sensitive index to low
level glomerular injury. Sensitive detection of low
level increases in urine albumin is best accomplished
by the use of the antibody-based methods (turbidimet-
ric or nephelometric) that are of higher sensitivity than
colorimetric methods; the human-based reagents have
been validated for cats and dogs and have been used in
other species. Highly sensitive semiquantitative urine
dipsticks have been developed that have been shown to
be adequately accurate to detect microalbuminuria in
humans, but these are not adequately sensitive to detect
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microalbuminuria in animals (Sawicki et al. 1989;
Pugia et al. 1997; Pressler et al. 2002; Gentilini et al.
2005; Murgier et al. 2009).

Albuminuria, accompanied by the excretion of high
molecular weight proteins into the urine, is diagnostic
for severe alterations in glomerular structure and/or
function. Increased urinary excretion of one or more
of a number of high molecular weight proteins has
been used as an index to glomerular injury. IgG is
most commonly used for this determination, but
greater sensitivity and better correlation with the clin-
ical and histologic diagnosis was obtained using
extremely large proteins (either IgM or a,-macroglob-
ulin) (Tencer et al. 1998b, 2000). These are detected
using antibody-based methods (described in “Evalua-
tion of Receptor-Mediated Endocytosis™).

EVALUATION

While increased urinary albumin concentrations alone
are indicative of glomerular injury, the sensitivity of
detection of clinically significant microalbuminuria is
improved by the calculation of the urinary albumin:
creatinine index (ACI), as follows:

ACI = Uppp/Ucreat

where Uy, = urinary albumin concentration, and
Ucrear = urinary creatinine concentration (Tencer
et al. 1998b; Kuwahar et al. 2008).

Greater sensitivity in the detection of alterations in
glomerular function, as well as an indication of the
nature of the underlying injury can result from evalua-
tion of point-in-time serum and urinary concentrations of
a selected large molecular weight protein and albumin
and calculation of a selectivity index (SI), as follows:

_ UnMWoein  Saty
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where Upmw protein = Urinary high molecular weight
protein concentration, Upyp, = urinary albumin
concentration, Spmw protein = time-matched serum
high molecular weight protein concentration,
Sap = serum albumin concentration (Tencer et al.
1998b, 2000).

MODIFICATION OF THE METHOD
Exogenous administration of endogenous proteins of
variable molecular weights and effective radii is
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theoretically the most relevant means of determining
alterations in glomerular function. Such methods have
been successfully performed in rats using radiolabeled
myoglobin, k-dimer, neutral horseradish peroxidase,
neutral human serum albumin, and native albumin
(Lund et al. 2003). If this approach is used, proximal
tubular protein transport and degradation of the labeled
probes must be controlled or inhibited to prevent the
introduction of errors to the resulting SI determination.

LIMITATIONS OF THE METHOD

As indicated in 1.E.1.1.12.3.2., many of the antibody-
based assay methods used for the assessment of high
molecular weight proteins are specific for humans and
do not cross-react with those from commonly used test
species.
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Assessment of Glomerular Function with Probe
Substrates

PURPOSE AND RATIONALE

To overcome the inaccuracies imposed by proximal
tubular protein uptake and degradation on accurate
assessment of glomerular filtration, probe substrates
of defined effective radius, and/or net charge have
been synthesized. These allow more precise deter-
mination of the relative contributions of pore size
and basement membrane charge to alterations in
glomerular filtration in any given state of injury.
Furthermore, these tracers are designed to be
essentially spherical under physiologic conditions,
eliminating inaccuracy resulting from heterogeneity
in three-dimensional conformation of protein
substrates.

PROCEDURE

Commonly used tracer substrates include variably
sized dextrans (linear polymers of glucopyranose)
and Ficoll, a cross-linked copolymer of sucrose and
epichlorohydrin. These are available in a wide range of
molecular weights and effective radii, and can be sul-
fated to render them anionic without altering the effec-
tive radius.

The probe substrates are administered by IV bolus,
followed by continuous infusion to anesthetized ani-
mals. Inulin or another tracer substance may be
coadministered with the tracer for concurrent determi-
nation of GFR.Timed urine and plasma samples are
collected for the determination of the urinary clearance
of both the probe substrate and the GFR tracer (as
described in “Assessment of GFR and RBF by Clear-
ance Methods”) (Andersen et al. 2000; Asgeirsson
et al. 2006)

Probe substrates (both for filtration or GFR) may be
either radiolabeled or conjugated with fluorochromes.
The appropriate liquid scintillation or fluorometric
detection methods for each probe should be used to
determine the concentration in plasma and urine.
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EVALUATION

If two probe substrates are used, the fractional excre-
tion (FE or 0) of the probe substrate relative to the GFR
probe substrate (e.g., inulin) is calculated as described
in “Fractional Excretion Methods™:

O_UXxPin
~ Px x Uj,

where U, and P, are the concentrations of the filtration
probe in urine and plasma, respectively, and U;, and
P;, are the concentrations of inulin (or alternate GFR
probe substrate) in urine and plasma, respectively.

If only the glomerular filtration probe substrate has
been administered, a sieving coefficient () is calcu-
lated as follows:

0 = Uy /Px

where U, and P, are the concentrations of the filtration
probe in urine and plasma, respectively.

MODIFICATION OF THE METHOD
Micropuncture techniques may be used, in which the
filtrate within Bowman’s capsule is sampled to deter-
mine the concentration of the probe substrate. In this
case, the sieving coefficient 6 is determined as an index
to the degree of filtration using the concentration of the
probe substrate in the arterial plasma and the filtrate
(Blouch et al. 1997; Venturoli and Rippe 2005).

LIMITATIONS OF THE METHOD

All polysaccharide probe substrates tested to date tend
to have higher sieving coefficients than globular pro-
teins of equivalent molecular weight or effective radii,
and thus all will overestimate glomerular permeability
and be somewhat insensitive to low level glomerular
functional alteration. The results obtained with Ficoll
are in general better correlated with results obtained
using endogenous high and low molecular weight pro-
teins to assess changes in glomerular function, due to the
fact that Ficoll is more extensively cross-liked, render-
ing it more rigid and spherical than dextran under shear
stresses associated with fluid flow. However, Ficoll has
been shown to be more deformable (and hence more
readily filtered than a globular protein of comparable
effective radius) under conditions of increased ionic
strength; additionally, there is a significant component
of diffusion of Ficoll across the glomerular basement



5 Renal System in Safety Pharmacology

membrane that contributes to overall filtration under
conditions of low GFR. The use of these probes to assess
alterations in glomerular permeability must therefore
account for these limitations and the physiologic condi-
tions under which they are administered in vivo must be
strictly controlled (Bolton et al. 1998; Andersen et al.
2000; Venturoli and Rippe 2005; Rippe et al. 2006;
Asgeirsson et al. 2007).

The use of two probe substrates concurrently
will require the use of two different labels. Alterna-
tively, chromatographic techniques to separate the two
substrates within a plasma or urine sample will be
needed.
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5.1.1.4 Assessment of Renal Concentrating
Ability

Solute-Free Water Excretion and Reabsorption
PURPOSE AND RATIONALE

Investigations of the clearance of solute-free water
represent indirect methods for the evaluation of several
aspects of renal function and provide information on
the site and mechanism of action of agents within the
nephron. The discovery of the countercurrent multi-
plier system as the mechanism responsible for the
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concentration and dilution of the urine has been the
prerequisite for the identification of the site of action of
diuretic drugs. A drug that acts solely in the proximal
convoluted tubule, by causing the delivery of the
increased amounts of filtrate to the loop of Henle and
the distal convoluted tubule, would augment the clear-
ance of electrolyte-free water (ECy,o) during water
diuresis and the reabsorption of electrolyte-free water
(ETC0) during water restriction. In contrast, drugs
that inhibit sodium reabsorption in Henle’s loop would
impair both ECy,0 and ETCyp0. On the other hand,
drugs that act only in the distal tubule would reduce
ECHzO but not ETCHzo.

PROCEDURE

These tests may be performed in any species from
which urine and plasma can be readily collected,
although low-level changes in concentrating ability
may be more readily manifest in rats than in dogs
(Sharratt and Frazer 1963; Osbourne et al. 1983). The
general procedure involves initially placing the ani-
mals in a metabolism cage with unlimited access to
water. After collection of a urine sample (16-24 h is
best), the water is withdrawn and the urine is collected
for the next 12—16 h. The urine specific gravity (or
preferentially, urine osmolality) is measured and com-
pared both with the value from the hydrated animal and
the mean values from the water-deprived control group
(Ragan and Weller 1999).

Assessment of renal urine diluting ability is more
cumbersome but can be accomplished in rats by
administration of an oral dose of water by gavage
representing 5% of the animal’s body weight. The
animals are then placed in metabolic cages and the
urine is collected every 30 min for the next 2 h
(Sharratt and Frazer 1963). In dogs, water diuresis
can be induced by oral administration of 50 ml of
water per kg body weight and maintained by continu-
ous infusion into jugular vein of 2.5% glucose solution
and 0.58% NaCl solution at 0.5 ml/min per kg body
weight. When water diuresis is well established, the
glucose infusion is discontinued and control urine
samples are collected by urethral catheter (Suki et al.
1965). The volume and specific gravity (or osmolality)
of the collected urine is measured and the results
expressed as the percent of the administered dose of
water excreted during the time period. Time-matched
plasma samples are collected for the determination of
plasma osmolality.
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EVALUATION

In addition to gross assessment of renal dilution or
concentrating ability (as described above), quantitative
evaluation of either osmolar clearance, freewater
clearance (Cypo), or solute-free water clearance
(ECyz0) may add additional sensitivity to the evalua-
tion of these functions.

Osmolar clearance can be calculated as follows:

Cosm = (Uosm X V)/Posm

where C,,,, = osmolar clearance, U, = urine osmo-
lality (in mosm/kg water), V = urine flow (measured in
ml/min) and Py, = plasma osmolality (measured in
msom/kg water). Cyq, 1s expressed in ml/min. Cygpy,
less than V indicates excretion of a dilute urine (i.e.,
excess water is being excreted), but C,g, greater than
V indicates excretion of concentrated urine (i.e., excre-
tion of excess solute).

Freewater clearance (Cyy0) provides an estimate of
the amount of urine being excreted in excess that
needed to clear solutes, and is calculated traditionally
as follows:

CHZO =V x [(1
Anslow 1952)

and

— Uosm)/Posm]  (Wesson

More accurate assessment of the ability of the kid-
ney to appropriately regulate plasma tonicity and/or
respond appropriately to antidiuretic hormone (ADH)
can be made by calculation of electrolyte-free water
clearance ECy,o. This formula takes into account only
water needed to excrete excess “effective” osmolytes
(in general, monovalent electrolytes and their associ-
ated anions) and is calculated as follows:

ECHZO =Vx {1 - ([Na+ + KJr}urine/[NaJr + K+]plasma)}’
(Shoker 1994)

LIMITATIONS OF THE METHOD

In general, the sensitivity of either urine concentration
or dilution tests to detect the effects of test compounds
on renal function is quite low, regardless of species
(Ragan and Weller 1999). Furthermore, these tests
(especially the urine dilution test) may be signifi-
cantly altered by extrarenal effects (e.g., vomiting,
diarrhea, delayed GI absorption, altered adrenal cor-
tical function). Calculation of osmolar, free water,
and electrolyte-free water clearances require accurate
assessment of urine flow rates, which will require
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accurate and complete collection of all urine pro-
duced during the time interval, not always easily
accomplished in small animal species. Catheterized
models should be utilized in this circumstance. In
addition, calculated electrolyte-free water clearances
may be influenced by the presence of excess effective
osmolytes in either urine or plasma (e.g., in circum-
stances of hyperglycemia or metabolic acidosis/
alkalosis) and the formula must be corrected to
account for these if they are known to be present
(Shoker 1994; Nguyen and Kurtz 2005).
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Assessment of Medullary Osmolarity and

Blood Flow

PURPOSE AND RATIONALE

The ability of the kidney to concentrate urine depends
entirely on the maintenance of the renal medullary
interstitium in a hypertonic state. Hypertonicity
reflects two phenomena; water-uncoupled transport
of osmotically active substances (sodium and urea,
primarily) into the medullary interstitium, and the
trapping of those solutes in the interstitium by
the vasa recta countercurrent multiplier system.
The hypertonic gradent is created by the active trans-
port of sodium into the interstitium in the ascending
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loop of Henle, and a combination of passive and facil-
itated transport of urea located in the collecting duct;
the magnitude and effectiveness of the gradient is
determined by the rate of plasma flow through the
vasa recta (Pallone et al. 2003; Sadowski and
Dobrowolski 2003). The method described allows
simultaneous assessment of both parameters.

PROCEDURE

Male Wistar rats have been used in these experiments.
Under appropriate anesthesia, the femoral artery and vein
are cannulated for measurement of aortic blood pressure
and infusion of fluids and test compounds, respectively.
The left kidney is exposed and placed in a plastic cup as
for micropuncture experiments (see “Evaluation of
Tubular Function by Micropuncture”), except that the
dorsal surface is placed at the top of the cup, facing the
operator. The ureter is catheterized and a platinum-
iridium admittance electrode is inserted along the
corticopapillary axis from the dorsal surface of the kid-
ney (the probe is sized to ensure correct placement of the
recording surfaces within the inner renal medulla). The
capsule is incised and a needle laser-Doppler (LD) probe
is inserted adjacent to the admittance probe. Animals are
maintained in intravenous infusions of balanced electro-
lyte solution to maintain plasma volume and ensure
adequate renal perfusion.

Medullary blood flow (MBF) is assessed by the LD
probe, which is connected to a perfusion monitor
(Periflux 4001, Perimed). The number and velocity of
erythrocytes moving between the two optical fibers of
the LD probe is determined. Admittance (the recipro-
cal of impedence) is measured between the tip of the
LD probe and the admittance -electrode by
a conductance meter connected to both of these, fol-
lowing the application of a measuring current at
a frequency of 24 Hz. Following the experiment, the
kidney is dissected to verify that the LD and electrode
have been correctly placed.

EVALUATION

Medullary blood flow (MBF) is expressed in arbitrary
perfusion units (PU), based on the voltage generated
by the Doppler flux of the blood cells moving beneath
the LD probe (roughly, the product of cell number
X velocity, see Sect. 1.1.3). By definition, a 10 V
signal from the detector is considered 1,000 PU.
Admittance (Y) is expressed in millisiemens (mS),
and is directly related to the ionic tonicity of the tissue
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(primarily due to the NaCl content). Effects in treated
animals are expressed relative to those in untreated
controls. If desired, urine may be collected from the
ureteral cannula for excretion determinations (see
Sect. 1.2.1.2).

LIMITATIONS OF THE METHOD

Because MBF is expressed in arbitrary units, only
relative changes within a single animal can be
detected, thus each animal must serve as its own con-
trol (although results between animals in the same
study can be compared with the use of a calibration
algorithm). Significant tissue damage, resulting in
nonfunctional nephrons, does result from the place-
ment of the equipment and thus the technique can
only be applied to the innermost medulla (where the
glomeruli originate below the depth of the damaged
zone). The admittance recordings reflect only the con-
centration of NaCl in the medulla and thus changes in
tonicity resulting strictly from changes in urea concen-
tration cannot be detected by this method.

MODIFICATION OF THE METHOD

Regional changes in medullary tonicity and the steep-
ness of the osmotic gradient can be detected using
a system of three needle electrodes that allows assess-
ment of admittance in the outer and inner medulla
separately. This arrangement cannot be coupled with
the LD probe because excessive tissue damage would
result (Sadowski and Portalska 1983).

An admittance electrode surrounded by a steel
cannula fitted to syringe pumps may be used in place
of the needle electrode. This setup allows for direct
infusion of test substances into the medulla so that
local effects may be monitored (Dobrowolski and
Sadowski 2004).
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Diuretic Activity in Rats (Lipschitz Test)
PURPOSE AND RATIONALE

A method for testing diuretic activity of compounds in
rats was described by Lipschitz et al. (1943). The test is
based on water and sodium excretion in test animal
compared to rats treated with a high dose of urea. The
“Lipschitz-value” is the quotient between excretion by
test animals and excretion by the urea control.

This method is primarily of historic interest and
generally has been supplanted by more sensitive, spe-
cific, and/or mechanism-based assessments of diuretic
activity. However, it is still being used in some cir-
cumstances to determine if an unknown substance has
significant diuretic activity (primarily in the context of
evaluating the pharmacologic activities of herbal
remedies).

PROCEDURE
Male Wistar rats are most commonly used for these
studies, although mice have also been used. Animals
are housed (singly or in groups) in metabolic cages (see
section “Urinalysis”) and food and water are withheld
for at least 15 h prior to the experiment. The test
compound is administered by gavage in 0.9% NaCl
solution to one or more groups of animals (to enable
evaluation of dose responses or to compare different
compounds), while the control group is given 1 g/kg
urea in a similar dose volume. A separate control group
is given only 0.9% NacCl solution by gavage. The total
volume of fluid administered should be 25 ml/kg.

The total urine excreted is collected for
5 and/or 24 h post dosing for determination of urine
volume and electrolytes. Standard methods are used to
determine electrolyte concentrations (Na*, K*, and
CI) and quantitative electrolyte secretion is deter-
mined for each group (see “Quantitative Electrolyte
Excretion”).

EVALUATION
Urine volume (normalized to body weight and excre-
tion time) is calculated for each group. Results are
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expressed as the ‘“Lipschitz-value,” that is, the
ratio T/U, in which T is the response to the test com-
pound, and U, that of urea treatment. Indices of 1.0 and
more are regarded as a positive effect. With potent
diuretics, Lipschitz values of 2.0 and more can be
found. Calculating this index for the 24 h excretion
period as well as for 5 h indicates the duration of the
diuretic effect.

“Lipschitz-values” may also be calculated for elec-
trolyte secretion. However, direct statistical compari-
son of these parameters (as well as urine volume) is
more commonly done (Pallavi et al. 2011).

LIMITATIONS OF THE METHOD

The effects of weaker diuretic compounds may be
masked by the degree of diuresis imposed by the
water load in this test. Species differences in the pre-
dictive value of this test have been noted for some
classes of diuretics (Heller and Ginsberg 1961).

MODIFICATIONS OF THE METHOD
Furosemide at a dose of 20 mg/kg may also be used as
a reference diuretic. In this case, electrolyte excretion
is also compared (as is the urinary Na*/K* ratio) to
determine relative natriuretic and kaliuretic potential
of the test compound (Sangma et al. 2010; Suresh et al.
2010; Kondawar et al. 2011).

References and Further Reading

Heller H, Ginsberg M (1961) Diuretic drugs. In: Ellis GP, Wells
GB (eds) Progress in medicinal chemistry. Butterworth, Bel-
fast, pp 132-186

Lipschitz WL, Hadidian Z, Kerpcsar A (1943) Bioassay of
diuretics. J Pharmacol Exp Ther 79:97-110

Kondawar MS, Kamble KG, Khandare MM, Maharshi KH,
Awale VB (2011) Evaluation of the locomotor and diuretic
activities of ethanolic extract of leaves of Capparis
Divaricata Lam. (Capparidaceae). Int J Pharm Pharm Sci
3:265-267

Pallavi T, Sandeep A, Rajiv G, Mali Praba R (2011) Diuretic
activity of Pistia stratiotes in rats. Int Res J Pharmacol
2:249-251

Sangma TK, Meitei UD, Sanjenbam R, Khumbongmayum S
(2010) Diuretic property of aqueous extract of leaves of
Mimosa pudica Linn on experimental albino rats. J Nat
Prod 3:172-178

Suresh A, Senthil Velan S, Suresh V, Senthil Kumar N, Phani
Kumar A (2010) Evaluation of diuretic activity of Samanea
saman (Jacq) Merr bark in Albino rats. J Global Trend Pharm
Sci 1:61-67



5 Renal System in Safety Pharmacology

5.1.2 In Vitro Methods

5.1.2.1 Isolated Perfused Tubules

PURPOSE AND RATIONALE

The various tubule segments have different functional
properties. The in vitro perfusion of isolated tubule
segments (Burg et al. 1966a) is the method of choice
if one has to identify the site and the mechanism of
action of a pharmacological agent which has been
shown to act on kidney function in clearance and
micropuncture studies.

PROCEDURE

After its invention by Burg et al. (1966) this tech-
nique has been used successfully in the kidney
tubule segments of several species: man, rabbit,
rat, mouse, hamster, snake, birds, etc. In larger
species, the tubule segments can be dissected
from thin kidney slices (<1 mm thickness). Usu-
ally, dissection can be done using sharpened for-
ceps or needles without the addition of proteases
(collagenase). The segment is identified by its ana-
tomical location and by its appearance. A 20-50X
lens is used for dissection. Dark field illumination
is helpful for the identification of the segment
under study. Most segments are easily identified
and dissected, but the thin loops of Henle and
papillary collecting ducts are damaged easily by
the mechanical dissection. Dissection is usually
performed at 4°C in a Ringer type solution.

For smaller species, proximal tubule segments can
also be isolated from the entire kidney using in situ
collagenase perfusion techniques (Tyson et al. 1990).
Following anesthesia, the kidneys may be perfused via
the aorta (mice) or renal arteries (rats, rabbits) for
5 min to remove the residual blood; the kidneys and
associated blood vessels are then removed and the
perfusion continued for an additional 15-20 min with
buffer containing 180 U/ml of Type I collagenase. The
cortical tissue is then removed from the medulla and
the tubules isolated as described above. The viability
and function of tubules so isolated are comparable to
those isolated without collagenase (Rodeheaver et al.
1990).

The dissected segment is transferred into the perfu-
sion chamber by a transfer pipette. The perfusion
chamber is mounted in the stage of an inverted micro-
scope (20—400X). The chamber is usually kept at 37°C,
and the bath perfusate is also preheated to this
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temperature. The bath perfusate (usually based on
Dulbecco’s modified Eagle’s medium) will be modi-
fied depending on the tubule segment and process of
interest. The actual perfusion is performed with two
sets of concentric glass pipettes, one set at the perfu-
sion end and one at the collection end of the segment.
These pipettes are manufactured with special glass
forge (Greger and Hampel 1981). The outer segment
of the pipette applies suction to the isolated tubule and
serves as a “holding pipette”; the inner segment acts as
the “perfusion pipette.” The latter has a tip diameter
smaller than the inner diameter of the perfused seg-
ment and is placed in the proximal end of the segment
of interest and the perfusion buffer is infused at a rate
of 1-20 nl/min. The collection end of the tubule seg-
ment is sucked into a holding pipette. A sylgard pipette
is advanced to seal the collection site. The holding
pipette at the collection site will contain mineral oil
in flux measurements to prevent loss of perfused fluid.
Then a collection pipette is advanced through the oil to
quantitatively collect the perfusate delivered by the
tubule. The length of the perfused segment (between
the perfusion and collection pipettes) should be
measured.

EVALUATION
A number of different assessments can be made by this
method :

Flux measurements. (Schafer et al. 1974; Edwards
et al. 1999). The collection rate (Vc,nl/min) can be
measured by the constant bore collection pipette by
timed collections. Radioactive or other tracers can be
added to either the lumen or bath fluid. Unidirectional
fluxes, bath to lumen and lumen to bath, for any given
substance can be quantified:

IJx = (VcCx)/L

where Ve = fluid collection rate (volume/time),
Cx = concentration of X (in bath or collection fluid),
and L = length of the perfused tubule segment.

Permeability (Px) can be determined by adding
a non-permeant substance (usually inulin) to the per-
fusion buffer, as follows:

Px = (Vi—Vc)L — 1[In(Xp Inc Xc — 11Inp) + 1]

where L is the length of the segment, Xp and Xc are
the concentrations of x in the perfusate and in the
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collected fluid, and Inc is the inulin concentration in
the collected fluid.

Net fluxes of a substrate can be determined as the
difference of the unidirectional fluxes or by the chem-
ical determination of Dy (perfusate—collected fluid).
This requires very sensitive methods. Electron probe
analysis of Na+, K+, Ca®*, Mg?*, etc., has been used to
determine the net transport of these ions in various
tubule segments (Wittner et al. 1988). Flux studies
are usually performed at low luminal perfusion rates
of a few nl/min. Substances under study can be added
to either the luminal and bath perfusate, and paired
data can be obtained under control and experimental
conditions (Burg and Green 1973; Stoner et al. 1974,
Burg and Orlov, 1980; Burg and Stoner 1976;
Dillingham et al. 1993).

Transepithelial electrical measurements. The col-
lection pipette can be connected to the high impedance
input of an electrometer. The voltage is referenced to
the grounded bath. With identical solutions in the bath
and in the perfusate and with high luminal perfusion
rates (>10 nl/min), any transepithelial voltage
recorded by the collection pipette (Vte) must result
from active transport of ionic substances across the
tubular epithelium, with the magnitude of this
voltage proportional to the degree of transport
(Fromter 1984). Hence, the effectiveness of putative
inhibitors of active transport can also be examined by
the measurement of Vte. According to Ohm’s law, the
determination of the flux of ions also requires the
measurement of transepithelial resistance. Greger
(1981) has introduced a method that utilizes a dual
channel perfusion pipette. One channel is used for
perfusion and the other for current (/te) injection. The
current is defined by a resistor chosen such that the
deflection in Vte generated by this pulse is in the order
of 1020 mV. Transepithelial resistance (Rte) can now
be calculated from AVte and Ite. The ratio of Vte and
Rte is called equivalent short circuit current. It is
directly proportional to active transport (Greger
1985). The measurement of Vte and Rte is much
more efficient than flux studies for pharmacological
screening, provided that the process under study pro-
duces a transepithelial voltage. Several substances can
be examined in one single tubule in strictly paired
fashion (Schlatter et al. 1983; Wangemann et al.
1986). The time resolution of the measurements is on
the order of 1 s, whereas that of flux studies is several
minutes at best.
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Intracellular electrical measurements. Greger and
Hampel (1981) have developed a method for the use of
impalement techniques in the isolated perfused tubule.
Very fine tip microelectrodes (@ < 100 nm) are used to
impale the tubule cell across the basolateral mem-
brane. The simultaneous measurement of Vte, Rte,
and basolateral membrane voltage (Vbl) allows for
a complete analysis of voltages and resistances (Greger
1985; Ullrich and Greger 1985). Ion selective micro-
electrodes can also be used in impalement studies, and
the cytosolic ion activities for, for example, Na*, K™,
CI” can also be determined (Greger 1985). These
methods are all rather difficult to perform. They are
of high relevance for the understanding of the function
of a given tubule segment and for the detailed descrip-
tion of the mechanism of action of a drug, which in
preceding studies has been shown to act in a given
tubule segment.

MODIFICATIONS OF THE METHOD
Fluorescent dyes for the monitoring of Na*, K*, CI,
Ca®*, and pH are more commonly used currently.
These dyes can be used in the in vitro perfused tubule
(Nitschke et al. 1991). The inverted microscope is
equipped with an appropriate illumination and filter
wheel for excitation. The emission is measured by
photon counting or by a video camera.

The perfusion and collection pipettes may be used
as electrodes to determine V. as outlined above. The
isolated tubule is solute-clamped at a high perfusion
rate, and the potential difference between the perfusion
and recording pipettes represents the net active trans-
port of substrates across the tubular epithelium
(Fromter and GefBner 2001).
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5.1.2.2 Isolated Perfused Kidney

PURPOSE AND RATIONALE

The isolated perfused kidney is a valuable tool for
assessing effects on the function on the entire
kidney (vasculature and tubules), with several
caveats (see below under “Limitations of the
Method”). This model can be used either in situ and/
or isolated in vitro.

PROCEDURE

Kidneys from rats, dogs, rabbits, and pigs have been
used. The donor animals are fasted overnight prior to
surgery, but have free access to water. After the
abdominal cavity is exposed by a ventricular incision,
the renal artery is cannulated via the superior mesen-
teric artery without interruption of flow. Thereafter, the
kidney is continuously perfused with a perfusion solu-
tion (usually Krebs-Ringer or Krebs-Henseleit buffer
that is oxygenated) circulated by a peristaltic pump.
The venous cannula is introduced into the vena cava
below the renal vein, and the ureter is cannulated last.
The kidney is freed from the perirenal fat, not
disrupting the renal capsule. Ligatures around the
renal artery and vena cava above the renal pedicle are
tied. The kidney is then removed from the animal and
placed in a Plexiglas chamber. The perfusion pressure
is maintained at a level appropriate for the species in
question by adjusting the speed of the perfusion pump.
All procedures to be performed on the kidney should
be completed within 2—4 h of isolation.

EVALUATION

After the equilibration period, clearance periods of
20 min are used. Urine samples are collected and per-
fusate is obtained at midpoint of the clearance period
for the evaluation of overall kidney function. For deter-
mination of glomerular filtration rate (GFR) and fluid
transport, inulin or another suitable non-reabsorbed
substrate is introduced into the arterial cannula and
clearance is assessed (see Sect. 1.1.2). Electrolytes are
determined in urine by standard flame photometry.
Fractional excretions of water, electrolytes, and test
compounds are calculated (see Sect. 1.2.1.2).

LIMITATIONS OF THE METHOD

Isolated perfused dog kidneys have been reported to be
less stable than those of other species, with glomerular
filtration and renal flow markedly decreasing after only
1 h of perfusion. The in situ-perfused isolated dog
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kidney seems to be more stable. Distal tubule functions
are impaired in isolated perfused kidneys in all
species. Urine acidification, concentration, and dilu-
tion functions are also abnormal, and effects on these
cannot be assessed in these models (Kirkpatrick and
Gandolfi 2005).
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5.1.2.3 Patch Clamp Technique in Kidney
Cells

PURPOSE AND RATIONALE

In the different parts of the kidney (proximal tubules,
distal tubules, collecting ducts) fluid is reabsorbed and
substances may be transported either from the tubule
lumen to the blood side (reabsorption) or vice versa
(secretion). Besides active transport and coupled trans-
port systems, ion channels play an important role in the
function of kidney cells. The various modes of the
patch clamp technique (cell-attached, cell-excised,
whole-cell mode) (Neher and Sakmann 1976; Hamill
et al. 1981) allow the investigation of ion channels. In
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addition, the investigation of other electrogenic trans-
port mechanisms, such as the sodium-coupled alanine
transport can be studied.

PROCEDURE

The patch clamp technique can be applied to cultured
kidney cells (Merot et al. 1988), to freshly isolated
kidney cells (Hoyer and Gogelein 1991) or to cells of
isolated perfused kidney tubules (Gogelein and Greger
1984). The latter method shall be described in more
detail.

Segments of distal superficial proximal tubules of
rabbit kidney are dissected and perfused from one end
(see Sect. 1.2.1) (Burg et al. 1966b; Greger and
Hampel 1981). The non-cannulated end of the tubule
is freely accessible to a patch pipette. Under optical
control (differential interference contrast optics with
400 magnification) the patch pipette can be moved
through the open end into the tubule lumen and is
brought in contact with the brush border membrane.
After slight suction of the patch electrode, gigaseals
form instantaneously, and single potassium or sodium
channels can be recorded in the cell-attached or inside-
out cell-excised mode (Gogelein and Greger 1984,
1986a).

In order to obtain exposed lateral cell membranes
suitable to the application of the patch clamp method,
pieces of the tubule are torn off by means of a glass
pipette (diameter about 40 um). In order to facilitate the
tearing off, the tubules are incubated for about 5 min in
0.5 g/l collagenase (Sigma C 2139) at room temperature.
After tearing off part of the cannulated tubule, clean
lateral cell membranes are exposed at the non-cannulated
end. The patch pipette can be moved to the lateral cell
membrane and gigaseals can be obtained. It was possible
to investigate potassium channels (Gogelein and Greger
1987) and nonselective cation channels (Gogelein and
Greger 1986b) in these membranes.

As cells are still part of an epithelial layer and,
therefore, are intracellularly coupled, the whole-cell
technique is not appropriate in this preparation. On
the other hand, cotransport systems can only be inves-
tigated by the whole-cell method because the transport
rate of a single event is much too small to be resolved
in a similar manner as single ion channel events. Con-
sequently, cells of rabbit proximal tubules are isolated
as described in detail elsewhere (Hoyer and Gogelein
1991; Heidrich and Dew 1977). After euthanasia, the
kidneys are rapidly excised and placed in ice-cold
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solution (mmol/l): 150 K-cyclamate, 10HEPES,
1CaCl2, 1MgCl2, pH7.4. The following steps are
performed on ice: After decapsulation, superficial cor-
tical slices of about 0.5 mm thickness are dissected and
minced with a scalpel. The tissue is homogenized in
a Dounce homogenizer by three strokes with a loose-
fitting pestle. The homogenate is then poured through
graded sieves (250, 75, and 40 pum) to obtain a popula-
tion of single cells. Since the predominant tubule sec-
tion of the cortex of the rabbit kidney is the pars
convoluta of the proximal tubule, it can be concluded
that the majority of the isolated cells in the cell sus-
pension are of proximal tubule origin. By light micros-
copy, cells are identified by long microvilli distributed
over the entire cell surface and can easily be discrim-
inated from remaining erythrocytes, cell detritus, and
tubular fragments.

By application of the whole-cell mode of the patch
clamp technique to freshly isolated cells of convoluted
proximal tubules, the sodium-alanine cotransport sys-
tem could be investigated in detail (Hoyer and
Gogelein 1991).

EVALUATION

In isolated perfused renal tubules, concentration
response curves of drugs that inhibit ion channels can
be obtained with the patch clamp technique. In isolated
cells of the proximal tubule, the whole-cell mode of the
patch clamp technique enables the investigation of the
sodium-alanine cotransport system. The apparent K,
values for sodium and L-alanine can be recorded.

MODIFICATIONS OF THE METHOD

Schlatter (1993) recorded membrane voltages of mac-
ula densa cells with the fast or slow whole-cell patch
clamp method. The effects of diuretics and the con-
ductance properties of these cells were examined.
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5.1.2.4 Isolated Brush Border Membrane
Vesicles
PURPOSE AND RATIONALE
Alterations in electrolyte excretion or tubular transport
processes assessed in vivo (Sections “Electrolyte
Excretion” and “Assessment of Tubular Transport Pro-
cesses”) are limited by the fact that multiple trans-
porters may be involved in the net transport of the
probe substrate or electrolyte in question. The use of
isolated brush border membranes allows investigation
of the mechanisms underlying the alterations by eval-
uating changes in the abundance or activity of specific
transporters in response to specific disease states or
following exposure to toxicants and drugs. Addition-
ally, the transport kinetics for specific substrate-
transporter combinations can be determined, and the
ability of drugs or toxicants to act as substrates for or
inhibitors of specific transporters can be evaluated in
these preparations.

PROCEDURE
Brush border vesicles can be prepared from any spe-
cies, but are usually prepared from male Sprague
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Dawley rats using a Mg™™" precipitation method. Ani-
mals are euthanized by exsanguination under anesthe-
sia and the kidneys are removed immediately. All steps
for the preparation of brush border membrane vesicles
are carried out at 4°C. Renal cortex is homogenized for
2 min in a medium containing 250 mM mannitol in
10 mM tris-HEPES buffer (pH 7.5) using an appropri-
ate homogenizer (Polytron or teflon-glass). MgCl or
MgSO, is added to the homogenate (to generate a final
concentration of 10 mM) and the mixture is stirred on
ice for 20 min. The homogenate is then centrifuged for
10 min at 2,000x g, and the resulting supernatant was
centrifuged for 20 min at 35,000 x g. Subsequently, the
supernatant is discarded and the loosely packed mem-
brane-rich layer is gently separated from the pellet and
resuspended manually in a buffer that will generate the
appropriate intravesicular conditions for the experi-
ment in question (e.g., for urate transport the most
commonly used buffer is 150 mM mannitol and
2 mM MgSO, in 50 mM potassium phosphate buffer,
pH 7.5). The final supernatant is centrifuged at
35,000 g for 15 min and the procedure is repeated
twice more. The final suspension is prepared to
a protein concentration of 10-20 mg/ml, which may
be either kept at 4°C for immediate use or frozen and
stored at —80°C until use.

The degree of purity of the brush border membrane
preparation is assessed by measuring the enrichment of
a marker enzyme. Either alkaline phosphatase or y-
glutamyl transpeptidase may be used for this purpose.
Tenfold or greater enrichment of the activity in the
preparation relative to the baseline homogenate is con-
sidered acceptable.

Rapid filtration methods are used to determine the
activity of the transporter in question. After
preincubation of the brush border membrane vesicle
preparation for 1-2 h at 37°C in the appropriate buffer
to the experimental conditions and transporter of inter-
est (usually identical to the suspension buffer used in
the final brush border membrane vesicle preparation as
described above), the uptake of [14C]-labeled substrate
or radioactive electrolyte isotope (e.g., [**Na] is used
to evaluate NHE3 transport) is initiated by adding the
substrate in an approximately 10X excess volume of
buffer to the membrane suspension. At a timed interval
(usually 10 s) after the addition of the incubation
medium, uptake is stopped by the addition of a large
excess (200X) volume of ice-cold (4°C) incubation
buffer. The incubation mixture is passed through
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a 0.45 uM Millipore filter, which is then washed 2X
more with 3-5 ml of the ice-cold incubation buffer.
Corrections are made for the radioactivity
nonspecifically bound to the vesicles or the filters by
generating an identical incubation preparation to the
experimental condition but which is carried out at 4°C.
The radioactivity present in this sample is subtracted
from that in each of the active conditions to generate
the substrate uptake in the preparation (expressed as
susbstrate quantity/mg of protein).

EVALUATION

Membrane transport processes that can be described by
Michaelis—Menten kinetic relationships can be charac-
terized using isolated brush border membrane vesicles.
Lineweaver—Burke double-reciprocal plots of trans-
port velocity and substrate concentration allow deter-
mination of V,,,, and K,,, values from the Y and X axis
intercept values, respectively (Runge et al. 2006). ICsq
values for transport inhibitors can be calculated using
least squares linear regression techniques or curve
fitting software available within a number of commer-
cially available software programs (Excel add-in,
Graphpad Prism, and SigmaPlot).

MODIFICATIONS OF THE METHOD

Isolated basolateral membrane vesicles can be used in
a similar fashion to evaluate transport processes (see
section “Assessment of Organic Anion and Cation
Transport” for a list of substrates and inhibitors).
Percoll gradient density centrifugation methods are
used to generate these preparations. Renal cortices
are homogenized at 4°C in 12 mM Tris-HEPES buffer
(pH 7.4) containing either 300 mM mannitol or
250 mM sucrose. The homogenate is diluted 1:1 with
buffer and centrifuged for 15 min at 2,500xg. The
resulting supernatant is centrifuged for 20 min at
20,000x g, and the upper fluffy layer of the pellet is
suspended in buffer by ten strokes with the homoge-
nizer. Percoll is then added (13% vol/vol), and 36 ml
aliquots of the resulting suspension are centrifuged for
30 min at 48,000xg. The top 6 ml of each aliquot is
discarded and the next 6 ml is removed and diluted
tenfold with intravesicular buffer and washed three
times at 48,000xg for 15 min. The final pellet is
resuspended in intravesicular buffer and may be either
used immediately or stored at —80°C until use. The
degree of purity of the basolateral membrane prepara-
tion is assessed by measuring the enrichment of the
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marker enzymes Na“™-K™-ATPase or leucine amino-
peptidase. Tenfold or greater enrichment of the activity
in the preparation relative to the baseline homogenate
is considered acceptable (Edwards et al. 1997,
Shimada et al. 1987). Rapid filtration methods similar
to those used for brush border membrane vesicle prep-
arations are used to determine substrate uptake.
Western blot analysis may be used to determine the
presence, identity, and purity of the transport proteins
present in the membrane preparations, which may be
useful in determining the exact uptake pathway(s)
relevant to the substrate or inhibitor in question. Com-
parison of kinetic parameters determined in vesicle
preparations where multiple transporters are present
to those determined for pure transporters expressed in
stably transfected renal cell lines may help to clarify
the role of selected transporters in clearance of sub-
strates or activity of inhibitors (Takahashi et al. 1998).
Replacement of Mg™ with propylene glycol for
precipitation of brush border membrane vesicles
results in the generation of preparations of equivalent
purity to those generated by traditional methods, while
preventing alteration of the surrounding membrane
lipids which may alter transporter functions
(Basivireddy and Balasubramanian 2003).
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5.2  Assessment of Renal Injury

5.2.1 Assessment of Renal Injury by
Routine Urinalysis

PURPOSE AND RATIONALE

Urinalysis provides a unique opportunity to selectively
and noninvasively “sample” a single target organ by
examination of its end product. The levels of proteins
and small molecules normally filtered, excluded from
filtration, secreted, or reabsorbed by the tubules can be
used as indicators of the functional status of certain
nephron segments, while injury can be assessed by
examination of the urinary sediment for cellular com-
ponents indicative of tubular injury.

PROCEDURE

Procedures for collection of high quality urine samples
and assessment of secreted analytes are outlined in
section “Urinalysis.” Five ml of the urine is then
centrifuged at 700 g for 5 min and the sediment is
examined microscopically for the presence of cells,
casts, crystals, and miscellaneous components. Sam-
ples for which urine sediment evaluation is to be
performed must not be frozen.

If medullary injury is supected, the urine may also
be evaluated for the presence of phospholipid by thin
layer chromatography or HPLC. As with other
analytes, quantitative assessment of urinary creatinine
and normalization of the phospholipid concentration is
necessary.

EVALUATION

The presence of greater than 1-2 erythrocytes or neu-
trophils per high-power field confirms a positive result
of dipstick analysis for blood or leukocyte esterase.
Increased number of hyaline casts (small numbers are
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normal in most species), or the presence of granules
(cells or cellular debris) within casts may be indicative
of tubular injury. The presence of renal tubular epithe-
lial cells in urine sediment strongly indicates tubular
injury (Stonard 1990; Hofmann et al. 1994; Finco
1997; Finn and Porter 1998, Newman and Price 1999).
Small numbers of lipid droplets (representing neu-
tral lipid, lipoprotein, or phospholipid) are considered
normal in dogs, cats, mice, and humans (Gross et al.
1991, Streather et al. 1993, Finco 1997). Increased
excretion of lipid droplets (which may cause increased
urine turbidity) may indicate glomerular injury, as
does increased excretion of phospholipid and/or lipo-
protein. Increased urinary phospholipid excretion has
been described as antecedent finding to microscopic
evidence of papillary injury in experimental renal pap-
illary necrosis in rodents. Unlike the profile seen with
glomerular injury (de Mendoza et al. 1976; Gherardi
and Calandra 1982; Neverov and Nikitina 1992), con-
comitantly increased levels of lipoprotein have not
been described following papillotoxins; conversely,
increased urinary sphingomyelin is detected in renal
papillary necrosis (Thanh et al. 2001) but elevated
levels are not detected in the urine humans with
nephrotic syndrome (Mimura et al. 1984). The level
and nature of the excreted lipid can be determined by
thin-layer chromatography and comparison to known
standards (Mimura et al. 1984; Thanh et al. 2001).

LIMITATIONS OF THE METHOD

The dipstick reagent for blood detects hemoglobin but
cannot distinguish between free hemoglobin (possibly
due to intravenous hemolysis) or intact erythrocytes
and also cross-reacts with myoglobin (present in urine
as the consequence of muscle injury). Examination of
the sediment is needed to determine if erythrocytes are
present in urine. Addition of ammonium sulfate to the
urine (which precipitates hemoglobin but not myoglo-
bin) can help differentiate the two pigments
(Graff 1983).
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5.2.2 Assessment of Renal Injury by Urine
Proteins

PURPOSE AND RATIONALE

The combination of qualitative and quantitative assess-
ment of the normally excreted urine protein can serve
as a reliable indicator of the nephron segment(s)
affected by the injury. Proteins may also appear in
the urine as the consequence of their release from
damaged nephrons. Many of these are unique to the
kidney; those that are not are either too large to pass an
intact glomerular filter or have not been shown to
circulate in plasma. Furthermore, several of these are
both upregulated and shed to the urine, thus increasing
their sensitivity as injury biomarkers.
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PROCEDURE

Twenty-four hour urine collection is preferred for best
accuracy, although point-in-time samples can be
used. Urine samples are collected from the species in
question by appropriate methods (see “Urinalysis”).
Total protein and creatinine are determined by appropri-
ate methods and a urine protein:creatinine ratio is calcu-
lated (“Urinary Protein Markers of Glomerular
Function”).

Most of the proteins used as biomarkers of renal
injury are measured by immunometric methods.
Newer methods based on proteomics technology (con-
centration of proteins by acetone precipitation or ultra-
centrifugation, separation by 2-day gel
electrophoresis, or chromatographic techniques with
subsequent identification and quantitation by mass
spectrometry) have been used experimentally
(Bandara and Kennedy 2002; Chapman 2002;
Thongboonkerd et al. 2002a, b).

EVALUATION

All analytes need to be converted to their SI unit
equivalents prior to calculation of excretion ratios
(see “Fractional Excretion Methods™), which will not
be unitless in this circumstance. Protein:creatinine
ratios of >1.0 are considered indicative of significant
renal proteinuria in most species (Gregory 2003).
Excretion of markedly elevated levels of protein
(protein:creatinine ratio >5.0) is indicative of glomer-
ular disease, whereas low-level proteinuria indicates
tubular damage or very early/low-grade glomerular
injury (Peterson et al. 1969; Finco 1997; Gregory
2003).

Increased albumin usually indicates glomerular
injury, although it is not a specific marker for any one
nephron site (Guder and Hofmann 1992; Price et al.
1996; Finn and Porter 1998). High levels of albumin in
urine are invariably the result of glomerular malfunc-
tion. Low level increases in urine albumin, especially
in circumstances where total urine protein excretion is
not elevated (“microalbuminuria”) can result either
from increased glomerular filtration or decreased tubu-
lar reabsorption, and albumin values in this range must
be interpreted in comparison to the excretion of
other protein biomarkers. Concomitant elevation of
albumin and one or more low molecular weight pro-
teins indicates tubular malfunction, while albumin ele-
vation alone or concurrently with a high molecular
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weight protein indicates primary glomerular injury
(Peterson et al. 1969; Finn and Porter 1998; Guder
et al. 1998; Umbreit and Wiedemann 2000). Calcula-
tion of the relative clearance of albumin and
either immunoglobulin or transferrin is a useful indi-
cator of the degree of glomerular injury (the higher the
ratio, the more severe the damage) (Tencer et al.
1998b, 2000).

Elevation of any of the filtered low molecular
weight proteins in urine is an indication of a primary
defect in tubular uptake, either as a consequence of
decreased nephron mass or competition for the
endocytic pathway by a competing substrate. This is
discussed in detail in “Evaluation of Receptor-
Mediated Endocytosis.”

Increases in the urinary levels of proteins that are
either shed or secreted into the urine from the site of
injury may be more sensitive than alterations in
filtered proteins in detecting renal injury. A number
of these are listed in Table 5.4. Most of these are
early response or structural proteins and serve some
protective or repair function in damaged tissue. Two of
these (KIM-1 and clusterin) have recently been
accepted by both the FDA and EMEA as fully
validated biomarkers of tubular injury in preclinical
animal studies.

LIMITATIONS OF THE METHOD

The majority of assay methods for excreted low molec-
ular weight proteins are based in immunometric
methods (gel immunodiffusion, nephelometry, or
ELISA) and the antibodies do not cross-react with
homologous proteins in animal urine (section “Evalu-
ation of Receptor-Mediated Endocytosis™).

Although there are published antibody-based
methods for many of the kidney-specific proteins listed
above, antibodies have only recently become commer-
cially available for some of them (specifically, KIM-1,
CYR-61, NGAL, and Pap Al). Where the antibodies
are readily available, cross-reactivity across species
has not always been established (these have in general
been used only in human and/or rat). Heart- and
kidney-specific isoforms of fatty acid—binding protein
exist that may cross-react in some species with the
LFBP antibodies; additionally, o-2 p-globulin,
a normal component of male rat urine, is homologous
to K-FABP and may cross-react with the antibodies
to LFBP.
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Table 5.4 Endogenous renal proteins excreted in response to injury®

Protein

Fibronectin

Collagen IV

Liver fatty
acid-binding
protein (L-FABP)

a-Glutathione-S-
transferase

Clusterin

Kidney Injury
Molecule-1

Neutrophil
Gelatinase-
Associated
Lipocalin
(NGAL)

IL-18

Nephron
segment

Glomerulus
(Proximal
tubule?)

Glomerulus

“Glomerulus”

Proximal
tubule

Proximal
tubule

Proximal
tubule

Proximal
Tubule

Proximal
tubule

Species
Human
Rat

Human
Mouse
Rat

Human

Human
Rat

Rat
Monkey

Rat
Mouse
Human

Human
Mouse
Rat

Human
Mouse

Expression

Constitutive
and
upregulated

Constitutive
and
upregulated

Upregulated

Constitutive

Upregulated

Upregulated
and
Increased
release

Upregulated
and
increased
secretion

Upregulated
and
increased
secretion

Comments

Precedes microalbuminuria in diabetes

Plasma contribution may be a factor with severe glomerular injury
Decreased tubular proteolytic degradation may contribute to increased
urinary levels

With chronic glomerular injury, upregulation contributes to increased
urine levels

Basement membrane specific

Precedes microalbuminuria in diabetes

With chronic glomerular injury, upregulation contributes to increased
urine levels

Source is proximal tubule; upregulated and secreted in response to
glomerular injury/proteinuria

Small contribution (up to 3%) from serum-derived L-FABP with
glomerular injury or concurrent liver injury

Homologues (kidney and heart FABPs) exist in both human and rat
kidney; these differ in distribution and regulation but may cross-react
with antibodies to L-FABP. H-FABP in rat urine may reflect increased
serum levels secondary to myocardial damage.

o-21-globulin (normal component of male rat urine) is homologous to
K-FABP and may cross-react with antibodies

Antibody appears to have good cross-species reactivity

Highest urinary levels seen with selective straight (S3) segment
toxicants in rats

Sensitive index of damage (brush border loss) in the absence of overt
necrosis

May be measured with either enzymatic or immunoassay

Elevated rapidly (1 h) in both acute and chronic injury; stays elevated as
long as the stimulus is present

Upregulation/secretion specifically indicates injury; not seen with
nontoxic homologues that do not cause necrosis

Some upregulation seen in medulla with oxidative stress

Plasma contribution with glomerular injury a possibility

Antibodies commercially available

Biomarker for acute tubular necrosis/ischemia

Transmembrane protein; ectodomain is shed to the urine following
acute injury

High degree of upregulation and/or increased shedding demonstrated in
rat kidney with injury (improves sensitivity

False negative results frequently seen

Antibodies to rat and human exist, not commercially available
Highly upregulated (>100X) with renal injury

Secreted in response to ischemia and direct nephrotoxic insult
Either urine or plasma levels can be measured

Equally predictive and prognostic with acute or chronic injury
Protease resistant (better persistence in urine)

Commercial reagents for standard analytical platforms available for
human, rat and mouse

Early biomarker

Upregulation in response to ischemic insult

Not affected by nephrotoxicants

ELISA assay not commercially available

(continued)



5 Renal System in Safety Pharmacology

Table 5.4 (continued)

Nephron
Protein segment Species Expression
Cysteine-rich Proximal Mouse  Upregulated
protein 61 straight Rat and
(CYR61) tubule increased
secretion
n- Glutathione-S- Distal tubule Human Constitutive

transferase
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Comments

Rapid upregulation and secretion into urine (3 h post injury) with renal
ischemia

High heparin affinity allows concentration of the protein (using
heparin-Sepharose) for detection of low levels BUT also complicates
assay (necessary for accurate detection)

Questionable sensitivity (excretion in urine only seen after azotemia is
apparent)

Antibodies are very isoform-selective

Similar distribution to n-GST in humans
Questionable sensitivity (excretion in urine only seen when azotemia is

apparent)

p-Glutathione-S-  Distal tubule Rat Constitutive
transferase
Pap X 5 C10 Papillary Rat Constitutive
antigen (Pap A1) collecting

ducts

Of several papilla-specific antigens identified, this one is most
consistently released to urine after papillary toxicant administration
Present in urine as complexes with Tamm-Horsfall mucoprotein

Monoclonal antibody not commercially available
Protein is rat specific and is of unknown identity and function

*Material from: Price et al. 1997; Lam et al. 1988; Kimura et al. 1989; Bomhard et al. 1990; Maatman et al. 1991; Aulitzky et al. 1992;
Eti et al. 1993; Gwinner et al. 1993; Volders et al. 1993; Kananauchi et al., 1995; Nath et al. 1994; Sundberg et al. 1994a, 1994b,
1994c; Makino et al. 1995; Falkenberg et al. 1996; Usuda et al. 1998; Adhikary et al. 1999; Bruning et al. 1999; Hildebrand et al.
1999; Branten et al. 2000; Cohen et al. 2001; Hidaka et al. 2001; Huang et al. 2001; Kamijo et al. 2001; Manabe et al. 2001; Melnikov
et al. 2001; Okonogi et al. 2001; Ghiggeri et al. 2002; Han et al. 2002; Ichimura et al. 2004; Muramatsu et al. 2002; Van Kreel et al.
2002a; Davis et al. 2003; Mishra et al. 2003; Mori et al. 2005; Devarajan and Williams 2007; Devarajan 2008
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5.2.3 Assessment of Renal Injury by Urine
Enzymes

PURPOSE AND RATIONALE

Urinary enzyme activity provides a means to deter-

mine the presence and location of renal tubular

injury as opposed to an index to the functional status
of the nephron. With few exceptions (lysozyme and
alanine aminopeptidase are the most notable of
these), the enzymes most commonly used in these
determinations are quite large (greater than 80 kDa)
and thus their appearance in the urine results from
leakage from damaged tubular cells, not from
increased filtration or decreased uptake (Plummer

et al. 1986).

Urine enzymes provide several advantages over
urine protein for the assessment of tubular injury
(Stonard et al. 1987; Vanderlinde 1981; Price 1982;
Plummer et al. 1986; Clemo 1998; Dubach et al. 1988;
Westhuyzen et al. 2003):

» Increased sensitivity — Enzyme levels in urine are
frequently elevated in advance of overt evidence of
renal malfunction and can be used to predict its onset

» Dose-response — The amount of enzyme activity in
the urine accurately reflects the degree of tubular
injury present

+ Ease of analysis — Most use chromatographic
assays, which have been well validated for the
same enzymes present in plasma and can be
performed on automated equipment

« Utility in a variety of species — Activity as opposed
to antigen mass is measured, so cross-reactivity of
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antibodies or probes across not
a consideration
¢ Repeatability — Enzyme measurements over time
can be used to determine the reversibility or pro-
gression of renal lesions
« Ability to localize the injury to a specific nephron
site/subcellular location — Serves as an index to the
severity of the underlying injury. As a general rule,
brush border enzymes indicate less severe damage
than cytosolic, mitochondrial, or microsomal
enzymes
For best results in determining the presence and site
of nephron damage, a battery of enzymes as opposed to
a single biomarker should be examined, especially since
the most sensitive assay is highly variable, depending on
the toxicant and species. Additionally, since many of the
enzymes are not completely specific to a selected neph-
ron segment, use of a battery of tests allows more
precise localization of the site of injury (Price 1982).
The most commonly used enzymes and their seg-
ment specificity are outlined in Table 5.5:

species is

PROCEDURE

Urine samples are collected and maintained as

described in section “Urinalysis.” There are some spe-

cial considerations in sample collection and handling

that are critical to accurate assessment of urine enzyme

activity (Vanderlinde 1981; Price 1982; Plummer et al.

1986; Mueller et al. 1986, 1989; Loeb et al. 1997;

Clemo 1998; Jung and Grutzmann 1988; Loeb 1998):

¢ Contamination of collected specimens must be
carefully avoided, as enzymes present in feces,
food, or bacteria can contribute significantly to the
activity present in the urine

¢ Enzyme activity can also result from increased
numbers of erythrocytes, leukocytes, or epithelial
cells in the urine. Prompt centrifugation of urine
to remove contaminating cells will help to
mitigate this source of error, and examination of
the resulting sediment will allow the investigator
to discard the results from heavily contaminated
samples

e Normal urine frequently contains a variety of low
molecular weight substances (urea is a notable
example) that can inhibit the enzymes of interest.
The toxicant may also act as an inhibitor. These
substances usually can be removed by dialysis, dilu-
tion, Sephadex filtration, ultrafiltration, or gel
filtration
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Table 5.5 Most commonly used enzymes and their segment specificity®

Enzyme
N-acetyl-B3-p-
glucosaminidase
(NAG)

Lysozyme
(muramidase)

[-galactosidase

B-glucuronidase

B-glucosidase
Alanine
aminopeptidase
(AAP)

Leucine
aminopeptidase
Neutral brush
border
endopeptidase
EC

v-glutamyl
tranferase
(GGT, y-
glutamyl
transpeptidase)

Alkaline
phosphatase
(intestinal var.)

Nephron segment

Proximal tubule
Papilla
Glomerulus

Proximal tubule

Proximal tubule

Proximal tubule

Proximal tubule

Proximal tubule

Proximal tubule

Proximal tubule

Proximal tubule
(particularly S3
segment in rodents)

Proximal tubule (S5
segment “specific”’)

Cellular
location

Lysosomal

Lysosomal

Lysosomal

Lysosomal

Lysosomal

Brush border
Microsomes

Brush border

Brush border

Brush border

Brush border

Comments

Widely used in humans (screen for nephrotoxicity) and all common
toxicology species

Excretion rate is consistent in a 24 h period, assessment in spot samples
normalized to creatine accurately reflects 24 h excretion

Increased activity usually indicates proximal tubular (PT) injury but is
not specific (also seen with glomerular disease, obstructive
nephropathy, and papillary injury). Concurrent elevation of a brush
border enzyme increases specificity for PT injury

Increased urinary activity seen with pregnancy (humans), age (rats),
and gender (dogs — contribution from seminal fluid in males)
Contribution to urine levels from both plasma (small protein, readily
filtered) and leakage from damaged tubules — thus not specific.
Increased plasma levels from nonrenal diseases (leukemia,
inflammation, or other neoplasia) may result in increased urine activity,
especially with altered tubular uptake.

Extremely variable secretion rate over a 24 h period limits usefulness
with timed or spot urine samples

Immunochemical as well as enzyme assays exist (poor cross-reactivity
of antibodies across species)

Elevated following some glomerular toxicants before proteinuria
evident

Pronounced diurnal variation in basal excretion rate in humans
Increased urinary activity following testosterone treatment in mice

Contribution to urine activity from preputial gland in male rat
Increased urinary activity following testosterone treatment in mice,
pregnancy in humans

Pronounced diurnal variation in basal excretion rate in humans

Pronounced diurnal variation in basal excretion rate in humans

Appears in urine earliest with acute tubular necrosis

Renal and serum isoforms exist, but serum isoform is smaller (90 kDa
versus 230 kDa), not normally filtered. May contribute to activity with
concomitant glomerular disease

Some increase in urine activity may result from nonrenal diseases
Basal excretion rate higher in male rats and humans, but not in dogs;
higher in rats with age

Elevations also seen in early glomerular diseases, preceding
microalbuminuria

Assay substrate is also cleaved by leukocyte elastase; concomitant
pyuria many falsely elevate activity

Somewhat unstable in urine relative to other enzymes (even with added
stabilizers), should be assayed quickly after collection

Within a day variation of excretion rate noted in dogs, may limit
accuracy of spot sample assessment even with creatinine correction
Basal excretion rate higher in male rats

Increased urinary activity seen with pregnancy

Increased urine activity seen with pregnancy

Use of this enzyme as a selective marker of S; involvement requires
isoenzyme characterization (by ELISA) as well as determination of
activity

More resistant to shedding than other brush border enzymes, indicates
more severe damage

(continued)
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Table 5.5 (continued)

Cellular
Enzyme Nephron segment location
a-Glutathione-S-  Proximal tubule Cytosol
transferase (GST)
(ligandin)
Lactate Entire nephron Cytosol
dehydrogenase
(LDH)
Aspartate Entire nephron Mitochondria
aminotransferase (Cytosol)
(AST)
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Comments

Usually assessed by ELISA as quantity of protein but rapid assay for
enzyme activity is also available (activity assay also detects pL and &
isoforms)

Most commonly used as an indicator of distal tubule damage; not
segment specific

Enzyme levels are highest in proximal tubule (particularly convoluted
segment) and thick ascending limb, tracking mitochondrial density

*Material from: Coonrod and Paterson 1969; Ceriotti 1976; Maruhn et al. 1977; Koenig et al. 1978; Vanderlinde 1981; Price 1982,
2002; Higashiyama et al. 1983; Nakamura et al. 1983; Davey et al. 1984; Guder and Ross 1984; Hysing and Tolleshaug 1986; Grotsch
et al. 1985; Mueller et al. 1986; Gossett et al. 1987; Nishimura 1987; Stonard et al. 1987; Jung and Grutzmann 1988; Verpooten et al.
1989; Houser and Milner 1991; Taylor et al. 1992; Casadevall et al. 1995; Bedir et al. 1996; Price et al. 1996, 1997; Taylor et al. 1997,
Clemo 1998; Finn and Porter 1998; Loeb 1998; Montagne et al. 1998; Ohata et al. 1998; Holdt-Lehmann et al. 2000; Lofti and Djalali

2000; Vlaskou et al. 2000; Van Kreel et al. 2002b

» The effects of dilution and pH on enzyme activity
must also be considered, as these factors are highly
variable in urine samples. Most enzymes are very
labile to acid pH and the activity of many can be
decreased substantially in concentrated urine

» Enzymes are generally less stable in urine than they
are in high protein matrices such as serum or plasma
(especially true for vy-glutamyl transpeptidase).
Assays must be performed within 2 h of sample
collection or a stabilizing substrate needs to be
added to the sample, preferably during collection.
Albumin, ethylene glycol, glycerol, or erythritol
will satisfactorily preserve the activity of most
commonly used enzymes when the samples are
stored at —20°C
Either 24 h urine collection or timed urine samples

collected at the same time each day is recommended,

with the activity expressed per unit of time (Price

1982; Plummer et al. 1986). If the assessment is to be

repeated with time, the samples should be collected

over the same time period on each day because there is
pronounced diurnal variation in excretion rate of some
enzymes (Maruhn et al. 1977; Price 1982; Gossett et al.

1987). For spot urine samples or those where accu-

rately timed collection is not possible, normalization of

activity per unit of creatinine can be done and this has

been shown to be reasonably well correlated to 24 h

enzyme activity (Vanderlinde 1981; Grauer et al.

1995). Diet and age-matched controls must be

included if enzyme activity is to be normalized to

creatinine, to control for the effects of these variables

on creatinine excretion (Plummer et al. 1986;
Casadevall et al. 1995).

Most of these assays can be performed using the
same automated equipment that is used for plasma, but
the assays will need to be validated separately for urine
to ensure that the matrix (urine versus plasma) does not
interfere with the method and that the enzyme levels
present in urine, either endogenously or following
injury, are within the limits of linearity. Immunoassays
(ELISA) are commercially available for o, m or
| -glutathione-S-transferase in the rat and human
(Biotrin International, Dublin).

EVALUATION

Enzyme activity enzyme activityis expressed either per
unit of time or per unit of creatinine. Normalization of
enzyme activity per unit of volume or osmolality is not
recommended because of the high degree of variability
of these parameters (Price 1982; Plummer et al. 1986).

LIMITATIONS OF THE METHOD

5.2.3.1 General Limitations of Urine Enzyme
Analysis

The correct sample handling methodologies have not
been well validated for all enzymes in all species and it
may require some effort on the part of the investigator
to determine the need and optimal method for sample
preparation.

The inherent limitations of the Jaffe method for
determination of creatinine have been discussed
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(Sect. 1.1.1). Factors which result in reduced excretion
of creatinine without acute tubular injury (e.g., chronic
renal disease in aged animals with pronounced loss of
nephron mass, prerenal reduction of GFR) will also
result in reduced urine creatinine and falsely elevated
enzyme activity when normalized to creatinine (Price
1982, Plummer et al. 1986; Casadevall et al. 1995).

5.2.3.2 Limitations of Specific Enzymes

NAG is not specific for the proximal tubule, but also
increases with papillary injury and glomerular disorders.
Concomitant evaluation of one of the proximal tubule-
specific brush border enzymes (LAP, GGT, or IALP)
allows correct interpretation of the NAG increase. There
are also significant increases in basal excretion as
a function of age in rats and gender in dogs (higher in
males), so age and sex-matched controls must be used.

GGT is notoriously unstable in urine and must be
assayed very rapidly, even in the presence of urine
stabilizers (Loeb 1998). There is high diurnal variation
in baseline excretion rate in dogs that cannot be
corrected in spot urine samples by creatinine normal-
ization, so timed urine collection must be used with
this enzyme in this species (Gossett et al. 1987).

LAP is also seen in the urine with very early glo-
merular disease (Bedir et al. 1996). The assay substrate
is also a substrate for leukocyte esterase and thus
increased neutrophils in the urine (pyuria) will cause
a false positive result (Vlaskou et al. 2000).

Due to size limitations, most enzymes present in
plasma are not filtered into the urine but there are some
exceptions (e.g., lysozyme); these will be increased in
the urine if tubular function (and uptake of filtered
protein) is decreased. In addition, if glomerular injury
accompanies tubular injury, leakage of larger molecu-
lar weight proteins may occur and plasma source
enzymes that ordinarily would not be filtered may
appear in urine. AST, LDH, and IALP may thus appear
in urine.
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5.3  Experimental Models of Renal
Disorders
5.3.1 Models for Evaluation of Uricosuric

Agents

In most species, uric acid (the primary end product of
purine metabolism) is further metabolized by uricase
to allantoin prior to excretion. Humans have a relative
deficiency of uricase and, thus, have both higher cir-
culating and urinary levels of uric acid. In excess, high
circulating levels lead to pathologic precipitation of
urate crystals in varios tissues (“‘gout”) while high
urinary levels can result in the formation of urate
calculi, one of the most common causes of urinary
tract obstruction in humans. Evaluation of therapeutic
interventions for these pathophysiologic states
requires the use of relevant animal models.

5.3.1.1 Naturally Occurring Animal Models
PURPOSE AND RATIONALE

Hyperuricemia occurs naturally in only two animal
models. The Dalmatian dog has excessive uric acid
excretion and relatively high plasma levels. This is
due to an autosomal recessive trait that results in
defective activity of uricase (urate oxidase) in situ in
the liver (Yu et al. 1971; Safra et al. 2005). Some
authors have described defective tubular reabsorption
of filtered urate in Dalmations (Kessler et al. 1959), but
more recent evidence indicates that urate transport is
normal (Bannasch et al. 2004). The Cebus monkey
(Cebus albifrons), like humans, has a relative defi-
ciency of uricase (Fanelli et al. 1970; Terkeltaub
et al. 2006). Either model may be used to evaluate
compounds that decrease urate synthesis or to evaluate
the effectiveness of uricosuric drugs.

PROCEDURE

Standard clearance or fractional excretion methods
(see Sect. 1.1.2 and “Quantitative Electrolyte Excre-
tion”) for uric acid are used. Urine and plasma uric acid
are assessed by a colorimetric combined uricase-
catalase method (Kageyama 1971).

EVALUATION
The results from groups of animals receiving test com-
pound are compared to those of controls. Alternatively,
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each animal may be used as its own control in sequen-
tial experiments.

LIMITATIONS OF THE METHOD

Abnormal urate handling in the Dalmatian is
a recessive trait, and thus not all Dalmatians are suit-
able. Animals must be screened first to ensure that
urate metabolism is abnormal. Both animal models
are expensive and can be difficult to obtain in adequate
numbers.
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5.3.2 Artificial Animal Models

PURPOSE AND RATIONALE

In species with high uricase activity, experimental
hyperuricemia can by induced by the administration
of enzyme inhibitors. Allantoxanamide blocks
uricase and also increases endogenously synthesized
uric acid in rodents (the latter effect is inhibited by
allopurinol) (Johnson and Chartrand 1978). These
models can be used to test the effects of xanthine
oxidase inhibitors as well as uricosuric agents
(Hropot et al. 1984).

PROCEDURE
Sprague Dawley rats are treated by intraperitoneal (ip)
injection of at least 150 mg/kg allantoxanamide. The
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effects of this dose will last up to 6 h following admin-
istration. Standard clearance or fractional excretion
methods may be used (see Sect. 1.1.2 and “Quantita-
tive Electrolyte Excretion”), or plasma levels of uric
acid may be followed over time. Urine and plasma uric
acid are assessed by a colorimetric combined uricase-
catalase method (Kageyama 1971).

EVALUATION

Serum uric acid concentrations are evaluated at a set
point in time following test article treatment. The per-
centage decrease in serum uric acid levels is calculated:

Percent decrease = [(Cc — Cr)/(Cc — Cx)] x 100

where C¢, Cy, and Cr are the uric acid concentrations
(mg/dl) of control (inhibitor treated), normal (untreated),
and test article (inhibitor + test article treated) groups.

MODIFICATION OF THE METHOD

Potassium oxonate or oxonic acid may be used as
uricase inhibitors in rats as an alternative to
allantoxamide, as the former can be toxic in high
doses. Potassium oxonate at a dose of 250 mg/kg, ip is
given 1 h before treatment with test compounds
(Nguyen et al. 2005). Chronic (7 days or more) treat-
ment of rats with a combination of potassium oxonate
(2%) and urate (3%) in the diet results in marked hyper-
uricemia with renal urate crystal deposits; omission of
the supplemental uric acid results in moderate hyperuri-
cemia with no renal pathology (Stavric et al. 1969;
Mazzali et al. 2001). Oxonic acid at a dose of 750 mg/
kg/day results in a milder hyperuricemia in rats, which
may be a more physiologically relevant model of human
hyperuricemia (Khosla et al. 2005).

A homozygous knockout mouse model has been
developed (UOX-/-) that is deficient in urate oxidase
(uricase). Plasma and urine urate levels are markedly
increased in these animals. They can be difficult to
maintain, as there is high prenatal and preweaning
mortality due to urate crystal nephropathy and severe
diabetes insipidus (Wu et al. 1994), which can partially
be ameliorated by ensuring adequate water replace-
ment (Kelly et al. 2001). These animals have been
successfully used to evaluate the pharmacologic effec-
tiveness of uricase replacement therapies (Sherman
et al. 2008).

A homozygous knockout model has been developed
(GLUT9-/-) that is deficient in one of the urate
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transporters (SLC2A9, or GLUT9) known to be asso-
ciated with clinically significant hyperuricemia in
humans. There are two variants, a systemic knockout
and a liver-specific knockout. The former model
develops moderately increased plasma and urine
urate levels, but suffers from the same mortality limi-
tations as are seen in the UOX-/- animals. The liver
specific variant develops high plasma and urine urate
levels (due to decreased hepatic uptake of urate and
conversion to allantoin) but does not develop nephrop-
athy (Preitner et al. 2009; Stark et al. 2009; Woodward
et al. 2009).
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5.3.3 Animal Models for Chronic Renal
Failure

5.3.3.1 Partial Nephrectomy Models
PURPOSE AND RATIONALE

Subtotal nephrectomy in rodents has been used by many
investigators as a model for chronic renal failure, par-
ticularly because they recapitulate many of the systemic
changes such as anemia, cardiomyopathy, hypercholes-
terolemia, secondary hyperparathyroidism, hyperten-
sion, glomerular and arterial sclerosis, and vascular
calcification that accompany this condition in humans
(Shobeiri et al. 2010). The oldest and most commonly
used of these models is the 5/6 nephrectomized rat
model (Chauntin and Ferris 1932).

These models are commonly used to evaluate the
effects of renal insufficiency on the kinetics of drugs
which rely primarily on renal excretion (to predict the
need for dose adjustment in patients with renal insuf-
ficiency). They may also be used to evaluate the effects
of drugs intended to alter the course of renal failure or
one of the comorbidities associated with chronic renal
failure. The 5/6 nephrectomized rat is considered the
“gold standard” model for the evaluation of erythroid-
stimulating agents (erythropoietin and erythropoietin-
mimetic agents).

PROCEDURE

A modification of the original procedure is more com-
monly used at present as it results in improved survival
(Aunapuu et al. 2003; Shobeiri et al. 2010). Male
Sprague-Dawley or Wistar rats weighing 230-280 g
are normally used for these studies. The surgery is
performed in two stages with a week’s recovery
between each surgical modification. Prior to the first
incision, the animal is given 20 ml/kg normal saline
subcutaneously. On a heated table, a midline
laparatomy is performed 1 cm below the xiphoid bone
cartilage and the abdomen is opened. The left kidney is
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isolated and brought out of the abdomen by grasping the
fat at the lower pole of the kidney. The perirenal fat is
bluntly dissected (sparing the adrenal gland), so that the
renal artery and vein may be clearly identified. Two if
the three branches of the left renal artery are ligated
(decreasing the functional capacity of this kidney by
~67%) and the kidney is returned to the abdominal
cavity, which is then closed with clips or sutures. Fol-
lowing a 1 week recovery, a second (smaller) midline
laparotomy is performed starting 0.5 cm from the
xiphoid bone cartilage. The right kidney is isolated
and cleared of the surrounding fat (sparing the adrenal
gland) to identify the renal artery, vein, and ureter.
These structures are ligated, cauterized proximal to the
kidney and the right kidney is then removed. Animals
are allowed to recover for at least 1 week before being
monitored for the onset of renal failure.

EVALUATION

Onset of azotemia (increases in serum creatinine, urea,
and/or phosphorus of 24X over baseline) can be
detected as early as 1 week postsurgically in this
model, with the onset of severe changes occurring
4-8 weeks post surgery. Survivial of these models for
up to 36 weeks has been described, which can be
improved by the administration of low protein and
low phosphorus-containing diets, prevention of sec-
ondary hyperparathyroidism (by administration of
vitamin D analogs and phosphate-binding agents or
by parathyroidectomy), and prevention of hyperten-
sion (Cruz et al. 2007; Shobeiri et al. 2010).

MODIFICATIONS OF THE METHOD

Similar surgical methods can be used in mice, although
the poles of the remnant kidney are ablated by electro-
cautery as opposed to ligating two of the three renal
arteries. The contralateral kidney is then removed fol-
lowing a recovery period of 1-3 weeks. The latter
method allows smaller animals to be used and
improves survival because blood loss is minimal.
Onset of anemia and azotemia in this model occurs
within 1 week following surgery, with survival up to
15 weeks (Gagnon and Duguid 1983; Gagnon and
Gallimore 1988; Kennedy et al. 2008).

Large animal 3/4 and 5/6 nephrectomy models (rab-
bits and dogs) have also been described. These models
use unilateral nephrectomy combined with either sur-
gical excision or electroablation of renal tissue for
consistent results. The dog model is commonly used
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to evaluate effects of renal insufficiency on drug dispo-
sition, as it results in a milder degree of renal failure than
is seen with the rodent models. While these models do
recapitulate many of the comorbidities common to
chronic renal failure in humans, rabbits appear to be
resistant to the development of hyperparathyroidism,
and dogs do not develop the glomerular changes seen
in rodents (Brown et al. 1990; Duffee et al. 1990; Fine
1991; Vaneerdeweg et al. 1992; Toutain et al. 2000; Bas
et al. 2004; Feng et al. 2010).

A 5/6 nephrectomy model in chickens has been
described. An incision is made along the left side of
the abdomen extending into the peritoneal cavity. The
right ureter is identified and ligated just proximal to its
junction with the cloaca. The left ureter and renal vein
are ligated with a single suture near the middle of the left
kidney. Azotemia is assessed by measuring plasma uric
acid levels at intervals beginning 2—6 days post surgery.
The method resulted in elevation of plasma concentra-
tion of uric acid, the major product of protein catabolism
in avian plasma, to levels 2—4 times normal for periods
as long as 3 weeks (Hartenbower and Coburn 1972).

Surgically altered (5/6 and 3/4 nephrectomized)
rats and mice may be purchased from commercial
vendors. Two such sources are Charles River Labora-
tories (http://www.criver.com/en-US/ProdServ/ByType/
Surgical/Pages/home2.aspx) and Taconic Farms (http://
www.taconic.com/wmspage.cfm?parm1=691).

A modified surgical approach has been used to
reproduce acute renal failure (renal ischemia-
reperfusion injury) in rats, rabbits, and pigs. Animals
are anesthetized and subjected to unilateral nephrec-
tomy with occlusion of the remaining kidney or bilat-
eral renal occlusion using atraumatic vascular clamps
before renal perfusion was reestablished. The duration
of renal ischemia varies between 30 and 120 min (lon-
ger durations are needed for larger animals and bilat-
eral occlusion models). Azotemia is detectable as early
as 1 day post surgery, with recovery occurring between
days 7 and 14 (Williams et al. 1997; Salehipour et al.
2010; Abreu et al. 2011).
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5.3.3.2 Immune-Mediated Glomerulonephritis
Experimental Models

PURPOSE AND RATIONALE

Various  immune-mediated  glomerulonephritis
experimental procedures have been used as models
for glomerulonephritis in human beings. Most of
them were developed in rats and mice, although
other species (rabbits, guinea pigs) are occasionally
used. The correlations between the animal model
and the human disease that each one recapitulates

Table 5.6 Summary of the more common experimental model

Model name/

generation Antigen or agent Species  Strain(s)
Antineutrophil Myeloperoxidase Rats Brown
cytoplasmic Mice Norway
antibody Spont.
(ANCA) Hypertensive
vasculitis/ (SHR)
passive or MPO -/-
active
Heymann Megalin (gp330) Rats Sprague-
nephritis/ (specifically, a 14 Dawley
Passive or amino acid (aa)
active peptide within the
second LDL
receptor domain)
IgA Staphylococcus Mice Balb/C
Nephropathy/ — aureus 20 AA
Active membrane peptide
IgA Various Mice  Balb/C
Nephropathy/  trichothecene (normal and
NA mycotoxins high IgA)
(nivalenol, B6C3F1
vomitotoxin)
Mercuric Mercuric chloride  Rats Brown
chloride/ Norway
NA
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is based on common features of the renal histopa-
thology and disease pathogenesis, although
many cases the inciting autoantigen is not the
same between the human disease state and the
animal model.

These models have been used to investigate the
pathologic mechanisms involved in renal injury in
these disease states, as well as to evaluate the effects
of experimental treatments on the course of disease.
They are not as commonly used to evaluate the effects

in

s of immune-mediated glomerulonephritis

Comments

Model for Wegener’s granulomatosis (combination of crescentic
glomerulonephritis and small vessel vasculitis)

Antigen is the same in the rodent and human model
Heterologous MPO immunization (or homologous in MPO -/-
animals) needed to generate the disease

Model for human membranous glomerulonephritis

Characterized by glomerular subepithelial immune complex
deposits (IgG and C5-9 complexes)

Original antigen was a complex of megalin and its receptor-
associated protein, but later studies showed purified megalin (or the
14 aa epitope) was sufficient to induce disease.

Megalin is present in rat glomeruli but not in human (corresponding
human antigens are phospholipase A2 receptor, aldose reductase
and Mn-superoxide dismutase)

Complement fixation is required for disease progression

Model for human immunoglobulin A nephropathy

Immune complexes contain both IgA and IgG, as well as
complement components

Antigen is the same between rodent model and human disease
(associated with MRSA infection)

Multiple immunizations needed to reproduce the disease

Induced by dietary exposure to low levels (~25 PPM in normal
Balb/C or B6C3F1 mice

Lower levels (12 PPM) result in disease in mice with high
endogenous circulating IgA levels

Results from reduced intestinal clearance of IgA and increased
circulating levels

Increased circulating IgA results in circulating IgA immune
complexes which become deposited on the glomerular basement
membrane

Model for human Goodpasture’s syndrome (antigens are similar)
Results in the generation of anti-glomerular basement membrane
antibodies (including laminin, collagen type IV, and fibronectin)
Anti-myeloperoxidase antibodies have also been described
Induction is by 3X weekly subcutaneous administration for 2 weeks
at 2 mg/kg

Onset of disease is at 14 days following the first injection
Deposits contain IgG and C3 components

(continued)
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Table 5.6 (continued)

Model name/

generation Antigen or agent Species Strain(s)
Nephrotoxic Anti-glomerular Rats Multiple, but
serum basement Mice primarily
nephritis/ membrane antigens Rabbits Wistar-Kyoto
passive (active (primarily non- Guinea (WKY)

in collagenous pigs DDY
XenoMouse®  domains of type IV C57/Bl6 ]
model) collagen) XenoMouse®
Pristane- Pristane Mice C57Bl/6
induced lupus- Balb/C

like syndrome/
NA

of renal impairment on the clearance of drugs, as
tubular function is not affected until very late in the
disease process.

Table 5.6 (derived from material in the references
for this section) summarizes the more common models
of immune-mediated glomerulonephritis.

PROCEDURE

Traditionally, these models are generated by the intra-
venous or intraperitoneal administration of preformed
heterologous antibodies (usually immunized rabbit
serum for rodent models and bovine serum for
rabbit models) against the renal antigen of interest
(passive models). They may also be generated by
direct immunization of animals with either crude or
purified preparations of the antigen of interest, usually
combined with complete Freund’s adjuvant to
ensure a robust immune response (active models).
A single dose of antibody or immunization is usually
sufficient to incite disease, although repeat dosing is
generally more effective and results in more severe
disease.

EVALUATION
The specific disease model
determine the optimal time

being used will
point for the
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Comments

Multiple rat strains have been used, but the Kyoto-Wistar is
exceptionally sensitive.

Model for human rapidly progressive glomerulonephritis and
Goodpasture’s syndrome

XenoMouse® model generates human IgG antibodies upon
immunization with human Type IV collagen epitopes, resulting in
disease

Single IP injection of 500 pl of pristane induces disease
Anti-DNA and anti-RNA antibodies result from apoptosis of
lymphoid cells and peritoneal epithelial cells in the peritoneal
cavity in a pro-inflammatory cytokine milieu

Although antibodies detected 2—4 months post injection, disease
onset requires ~6 months following pristane injection.

Onset, magnitude and nature of the autoimmune responses are all
highly variable

initiation of experimental manipulations (see
“References” for details). End points generally
include evaluation of the degree of azotemia
(serum creatinine and/or urea levels), magnitude
of proteinuria, and histologic evaluation of the
kidneys. Special stains and/or immunostains for
basement membrane components, Ig and comple-
ment components, and infiltrating immune/
inflammatory cells may be incorporated in the
evaluation.

Numerical data may be evaluated using appro-
priate statistical methods. Statistical evaluation of
severity scores for histologic findings is not
appropriate.

MODIFICATION OF THE METHOD

In some of the animal models listed in the table
above, toxicants are used to initiate the onset of
immune-mediated disease. The generation of the
immune response is either due to the modification of
endogenous proteins (thereby generating neoepitopes
against which cross-reacting antibody responses are
generated) or interfering with the normal clearance
mechanisms for endogenous antibodies, resulting
in their accumulation within the glomerulus and
subsequent complement fixation with glomerular
injury.
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Naturally Occurring Disease Models
PURPOSE AND RATIONALE
Spontaneous immune-mediated glomerulonephropathy
occurs in several strains of rats and mice. These models
have been used as surrogates for disease states of sim-
ilar pathogenesis in humans. They may better reflect
the pathogenesis of some of the immune-mediated
glomerulonephropathies than the experimental models
do in that the natural models tend to recapitulate the
gender predilections and genetic alterations character-
istic of the human conditions. The use and evaluation of
these models is similar to those outlined in Sect. 3.3.1.
An overview of some of these disease models
(derived from material in the references for this sec-
tion) is presented in Table 5.7.
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Table 5.7 Overview of some naturally occurring disease models

Disease state Species Strain
Crescentic Mouse Kinjoh
glomerulonephropathy (SCG/Kj)

IgA Nephropathy Mouse DDY

Systemic lupus erythematosis Mouse MRL/MP-lpr/
(SLE) glomerulonephritis Ipr

Systemic lupus erythematosis Mouse (NZBxNZW)F1

(SLE) glomerulonephritis

Comments

Model for Wegener’s granulomatosis/polyarteritis nodosa in humans
(BXSB/Mp x MRL/Mp-lpr/lpr)F1 hybrid strain

Gender differences in incidence (females > males)

Early onset of renal disease (first lesions by 9 weeks of age, overt
proteinuria by 2 months of age)

Anti-myeloperoxidase antibodies detected in these animals
Hallmark is high circulating IgA levels due to decreased renal IgA
clearance (defective IgA secretory mechanisms or secondary to altered
glomerular basement membranes)

Pathogenesis may be related to increased circulating TGF-f, which
results in increased production of glomerular collagens I and IV and
fibronectin

Severity is less than is seen in immune-mediated form

Renal arteritis as well as glomerulonephritis

Pathogenicity of the antibodies produced varies from individual to
individual within the strain

Defect is in apoptosis of lymphocytes

Anti-DNA and anti-myeloperoxidase antibodies have been identified
Sex hormone dependent; estrogen exacerbates the severity of disease
Cross between two highly inbred strains: New Zealand Black (NZB/
BlUmc) and New Zealand White (NZW/OuUmc)

As an F1 hybrid, more heterogeneous than the MRL model and thus

more closely representative of the human syndrome

Six strains, with variable onset, severity and penetrance of renal disease
allows selection of strain based on disease phenotype desired.
Glomerular lesions and circulating “LE” cells closely resemble human
SLE nephritis

Glomerular lesions associated with deposits of anti-DNA antibodies
Onset of disease between 4 and 6 months of age, with death by 8 months

of age

Sex hormone dependent; estrogen exacerbates the severity of disease
while testosterone and progesterone decrease it
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5.4 Assessment of Effects on Lower
Urinary Tract
5.4.1 In Vivo Methods

5.4.1.1 Micturition Studies

PURPOSE AND RATIONALE

The response of the urinary bladder to filling with
increasing volumes of fluid is a common procedure
for evaluating bladder function in both animals and
humans. Urine storage and timely expulsion of blad-
der content are produced through the coordinated
activation of a series of both voluntary actions and
involuntary reflexes. These involve a number of
neurotransmitter systems (glutamic acid, glycine,
enkephalins, serotonin, o;- and o,- adrenergic,
muscarininc, GABA, and GABAg, and
tachykinins), afferent signals from the bladder wall
and urothelium, and inputs to the bladder originating
in the central and peripheral nervous systems (De
Groat 1975; Andersson 1993; Ferguson and Chris-
topher 1996; Andersson and Wein 2004). In view of
this complexity, in vivo models were developed for
the quantitative analysis of the effects of drugs on
the function of the vesicourethral complex (Maggi
et al. 1986).
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PROCEDURE

Assessment of effects on urinary bladder contractility
and response has been performed in anesthetized rats,
hamsters, guinea pigs, dogs, cats, and minipigs
(Postius and Szelenyi 1983; Petersen et al., 1989:
Imagawa et al. 1989; Habler et al. 1990, 1992; Seif
et al. 2004; Tai et al. 2004). A vein (usually a jugular)
is cannulated for drug injection. Body temperature is
kept constant by means of a heating pad maintained at
37°C. Through a midline incision of the abdomen, the
urinary bladder is exposed and emptied of urine by
application of a slight manual pressure. A 20 gauge
needle is inserted through the apex of the bladder dome
for 3—4 mm into its lumen. The needle is connected to
a pressure transducer by means of polyethylene tubing
(1.5mmOD and 1.0mmID) and the whole system filled
with saline. The tubing is provided with an internal
coaxial polyethylene tubing (0.6mmOD and
0.3mmlID) inserted through a side hole and sealed by
a drop of epoxy resin. The second tubing serves for
intravesical infusion of fluid and is connected, through
a peristaltic pump, to a saline reservoir.

Intraluminal pressure signals are delivered to an
amplifier and displayed on a four channel polygraph.
Warm saline-soaked cotton wool swabs are laid
around the exteriorized organ to maintain its temper-
ature and to keep it moist in experiments involving
the topical application of substances on the bladder
dome.

After a 15 min equilibration period at zero volume,
variations in intraluminal pressure are recorded in
response to continuous infusion of saline at a rate of
2.8 ml/h at 37°C for 30—40 min by means of a peristal-
tic pump connected to the polyethylene tubing inserted
into the bladder. This infusion rate simulates the max-
imal hourly diuresis within the physiological range. In
each preparation, the infusion is continued until mic-
turition occurs. Micturition is referred as the emission
of several drops of fluid during a sustained phasic
contraction of the detrusor muscle, which is followed
by return to zero or, in any case, to a value lower than
that recorded just before micturition. Alternatively, the
micturition reflex may be defined as the onset of high
amplitude (>5 mmHg) pressure contractions in the
urinary bladder in response to a distention stimulus
(Oyasu et al. 1994; Lecci et al. 1988).

For both intravenous and topical administration,
substances are dissolved in saline.
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EVALUATION

In each experiment, the following parameters may be

evaluated:

* Minimum intravesical pressure = minimal pressure
recorded (index of resting bladder tone)

o Pressure threshold = intraluminal pressure value
recorded just before micturition

e Volume threshold = the volume of infused saline
required to obtain micturition

» Maximal amplitude of micturition contraction

» Frequency of micturition contractions

* Residual volume after micturition
The effect of substances on the compliance and

responsiveness of the bladder wall is evaluated by

comparing these parameters in treated animals with

those of controls.

MODIFICATIONS OF THE METHOD

Rapid bolus infusion of saline into the urinary bladder,
as opposed to continuous infusion, may be used to
evaluate the responsiveness of the urinary bladder to
distention. Volume responses in the parameters
outlined above are evaluated (Lecci et al. 1988).

The urinary bladder may be catheterized in intact
animals under anesthesia via the urethra, and the ure-
thral catheter can then be attached to the pressure
transduction system. Animals so treated may be recov-
ered and used in multiple experiments. Alternatively,
the effects of compounds applied intravesically can be
examined, which allows elucidation of the neurotrans-
mitters critical in generation of the micturition reflex
(Lecci et al. 1988).

Animals surgically prepared, as described above,
may also be recovered following replacement of the
urinary bladder in the abdomen with exteriorization of
the bladder cannula percutaneously. These animals
may then be used to evaluate the effects of either
systemically or intravesically applied compounds
(Yaksh et al. 1986; Conte et al. 1988).

Ultrasonic methods of determining bladder vol-
umes resulting in a micturition response have been
used in rats (Horvath et al. 1994) and minipigs (Seif
et al. 2004). These methods compare favorably with
the results obtained by direct instillation of fluid into
the urinary bladder, although in general volumes tend
to be underestimated. Some of the techniques
described have the advantage of being noninvasive
and applicable to conscious, free-moving animals.
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MODIFICATION OF THE METHOD

Either chemical (6-hydroxydopamine, reserpine) or
surgical (section of hypogastric nerves) sympathec-
tomy in animals produces model a of detrusor
hyperreflexia and urine dropping, mimicking
cystometric finding in human disease (Maggi et al.
1987).

Evaluation of micturition frequency can be evalu-
ated in conscious animals. This can be done either by
placing the animal in a restrainer over a urine collector.
The collector is then secured to a Statham UC3 strain
transducer, the output of which was amplified by
a Gould bridge amplifier. Data are then monitored on
a polygraph (Harada et al. 1992). More recently, this
method has been simplified by the use of an infared
photodiode sensor and matched phototransistor that
can detect the appearance of urine flowing from the
bottom of a metabolic cage, recording the frequency of
these events. This method produces results comparable
to the original cup-fore transducer methods (Argentieri
and Argentieri 2002).

Effects of systemically or intravesically adminis-
tered drugs on the upper urinary system may be
detected during the course of cystometrography, as
described by Tillig and Constantinou (1996). Addi-
tional catheters are placed into the renal pelvis (to
measure renal pelvis pressures and to infuse the renal
pelvis with a contrast-enhancing dye, indigo carmine).
A videomicroscope is used to visualize the transport of
indigo carmine infused into the renal pelvis and ureters
(an index to urine transport in the upper urinary sys-
tem). Standard cystometrography parameters (bladder
pressure and micturition responses) were recorded dur-
ing continuous infusion of the bladder with saline.

Simultaneous evaluation of bladder pressure and
urine flow rates has been performed in dogs (Moreau
et al. 1983), rats, and guinea pigs (Conte et al. 1991;
Van Asselt et al. 1995). A single urethral catheter is
used both to instill saline into the bladder and measure
bladder pressure, urethral pressure, and urethral flow.
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5.4.2 In Vitro Methods

5.4.2.1 Isolated Renal Pelvis

PURPOSE AND RATIONALE

Periodic contraction of the renal pelvic wall is impor-
tant to the process of concentration of urine in the renal
medulla as well as the propulsion of urine from the
kidney into the bladder (Santicioli and Maggi 1998;
Knepper et al. 2003). The isolated renal pelvis has been
used to examine the effects of compounds on this
activity. Rabbits, rats, and guinea pigs have been
used (Maggi and Giuliani 1991, 1992; Maggi et al.
1992a, b, c, 1994, 1995; Giuliani and Maggi 1996;
Santicioli et al. 1995, Santicioli and Maggi 1997;
Patacchini et al. 1998; Bigoni et al. 1999).

PROCEDURE

Following appropriate anesthesia and euthanasia,
akidney and its attached ureter are removed and placed
in oxygenated Krebs solution or other appropriate bal-
anced electrolyte solution. The renal pelvis is carefully
dissected from the renal parenchyma, separated from
the ureter, cut and connected to threads to record
motility along the circular axis. The preparation is
suspended in a 5 ml organ bath and mechanical activity
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recorded by means of an isotonic transducer (load
ImN). Transmural electrical field stimulation is made
by means of platinum wire electrodes placed at the top
and the bottom of the organ bath and connected to
a GRASS S88 stimulator. Square wave pulses (pulse
width 0.5 ms, 60 V) are delivered in trains of 10 s
duration at frequencies of 5-10 Hz.

Experiments commence after a 60-90 min equi-
librium period after which amplitude and frequency
of spontaneous activity has reached a steady state.
Test compounds are added to the bath and any
effects on spontaneous activity (amplitude and/or
frequency of spontaneous contraction) are assessed
after an appropriate incubation period (up to 60 min
following the addition of the test compound). As
controls, concentration response curves to noradren-
aline (decreased motility) and acetylcholine
(increased motility) are performed by
noncumulative addition to the bath at 20 min inter-
vals, with washout in between concentrations. Par-
allel preparations (subjected to the same duration of
incubation but without added test or control com-
pounds) are monitored concurrently to correct for
any effects of muscle fatigue during prolonged incu-
bation (Davidson and Lang 2000).

EVALUATION

The amplitude and frequency of spontaneous contrac-
tions are assessed and the Motility Index (MI) is cal-
culated as follows:

MI :(Z amp/S) « F

where Xamp/5 is the mean amplitude of five contrac-
tions (in mN) and F is the frequency (in min™") of those
five contractions. Concentration-response curves are
generated by plotting the concentration versus the MI
(either raw or expressed as a percent of control, using
the parallel incubation as the control) (Davidson and
Lang 2000).

MODIFICATIONS OF THE METHOD

Circumferentially cut strips from the proximal renal
pelvis can be used instead of the whole renal pelvis, as
this portion of the renal pelvis has the highest fre-
quency of spontaneous contraction (Zhang and Lang
1994; Lang et al. 1995; Lang and Zhang 1996; Teele
and Lang 1998). In larger species, the pacemaker
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region (the pelvic-calyceal junction) and pelviureteral
junctions can be identified, isolated, and studied sepa-
rately (Kimoto and Constantinou 1990, 1991; Lang
et al. 2002).

Electrical activity in isolated smooth muscle cells of
the renal pelvis can be determined as an index to renal
pelvic motility in situ. The frequency of slow wave
generation by membrane depolarization is correlated
to renal pelvic motility (Seki and Suzuki 1990).
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5.4.2.2 Propagation of Impulses in the Ureter
PURPOSE AND RATIONALE

The ureter smooth muscles are normally electrically
and mechanically quiescent, with contraction resulting
from electrical input from a pacemaker region in the
proximal renal pelvis. However, spontaneous activity
and progressive peristaltic contractions can result from
activity originating independently in the ureter, and the
effectiveness of impulse propagation initiated by the
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renal pelvic pacemaker is modulated by factors origi-
nating in the ureter itself (Santicioli and Maggi 1998;
Lang et al. 2002). Suppression of action potentials at
any site of the ureter will theoretically suppress the
propagation of contraction and peristalsis (Weiss
1992). The isolated ureter provides a system by
which effects on peristalsis in the entire ureter, or any
of its segments, can be examined.

PROCEDURE

A number of species (most commonly rats and guinea
pigs) have been used for whole-mount or strip prepa-
rations. Following appropriate anesthesia, the whole
kidney and ureter are excised and placed in a Petri dish
containing oxygenated Krebs solution for dissection.
Segments (length depends on the species from which
collected) representative of the proximal, middle and
distal ureter may be collected. The segments are
attached to a force-displacement transducer and are
incubated in Krebs buffer or appropriate balance elec-
trolyte solution gassed with 95% 0,/5% CO, and
maintained at 32-37°C. The preparation is allowed to
equilibrate for at 30—-60 min, until the amplitude and
frequency of spontaneous or induced contractions have
stabilized, before experimental manipulation.

The frequency and amplitude of spontaneous con-
tractions are recorded. Alternatively, contractions may
be induced either by electrical field stimulation,
transmural electrical simulation, the application of cir-
cumferential tension (stretch response), or by the addi-
tion of 40 mM KCI to the preparation. Once the
contractions have stabilized, the test compound is
added (Teele and Lang 1998; Yamamoto and Koike
2000).

EVALUATION

The frequency and amplitude of contraction are
recorded, and the motility index (MI) may be calcu-
lated as outlined in E.1.4.2.1. Data are expressed as
a percent of the control value and appropriate statisti-
cal analysis is performed. Concentration-response
curves may be plotted and pA, or pD, values may be
calculated (Arunlakshana and Schild 1959; Van
Rossum 1963). Hill coefficients and ECs, values may
also be calculated (Weiss et al. 2002).

MODIFICATIONS OF THE METHOD
Ureter preparations have been made from pig or human
tissues collected from the abattoir or following
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surgery, respectively. Ideally, no more than 20 min
should elapse between tissue collection and incuba-
tion. Tissues are placed into cold (4°C) Krebs buffer
or suitable balanced electrolyte solution and cut into
rings of 0.5-1 cm in length. The rings are attached to
a force transducer, suspended in an organ bath at 37°C,
and allowed to equilibrate for up to 1.5 h while the
frequency and amplitude of spontaneous contraction is
measured. If the preparation demonstrates acceptable
and stable frequency and amplitude of spontaneous
contraction within this time period, it is considered
suitable for experimental use. In pigs, the washout
period between treatments is variable and thus the
preparation is monitored for return to pretreatment
baseline before the next treatment is applied. In
human tissue, spontaneous contraction seldom occurs
and electrical stimulation (trains of 300 ms at an inter-
val of 200 s and impulses of 200 mA with a duration of
6 ms at a frequency of 50 H) is required. A washout
period of 20 min between treatments is used (Weiss
et al. 2002).

The evaluation of regional differences in response,
and the effect of regional responses on adjacent
regions, can be evaluated in a whole ureter preparation
where each region remains physically attached but can
be isolated for the application of test compounds or
stimuli. The entire ureter is dissected and placed in
a three-compartment organ bath which enables
a separate superfusion of different parts of the organs.
Two Perspex partitions are used to separate the proxima
(renal), middle, and distal (bladder) ends. They include
a window covered with condom rubber: a small hole
(about 300 mm) is made in the rubber to enable the
passage of the ureter. The proximal portions of each
segment are pinned to a Sylgard support, and the distal
portions are connected to isotonic transducers for
recording of mechanical activity. Each compartment is
perfused separately and electrical field stimulation can
be applied to any compartment by means of two wire
platinum electrodes positioned in parallel with the two
sides of the ureter (Meini et al. 1995).
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5.4.2.3 Isolated Urinary Bladder and Internal
Urethral Sphincter

PURPOSE AND RATIONALE

Isolated urinary bladder preparations are useful for

evaluating the effects of compounds on smooth muscle

contractility and resting tone. Modifications allow for

the evaluation of effects on specific urinary bladder

regions and on inputs from either the urothelium or

nervous system inputs.

PROCEDURE
Rats and guinea pigs have been used for whole bladder
preparations. Following appropriate anesthesia, the
abdomen is opened to remove the bladder and the
urethra. After excess fat and connective tissue is
removed, the preparation is placed en bloc into appro-
priate balanced electrolyte solution (Tyrode’s or
Krebs buffer) bubbled with 5% CO, and 95% O,.
The wurethra is cannulated and connected to
a pressure transducer, and the bladder is filled with
a volume of solution adequate to evoke a contractile
response. The bladder preparation is allowed to
equilibrate for 30 min before any experimental manip-
ulations are performed. The amplitude and frequency
of pressure changes are recorded (Birder et al. 1998;
Drake et al. 2003).

Alternatively, contractility can be assessed visually.
Surface blood vessels or externally applied markings
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(India ink or carbon particles) are used as landmarks.
Video image recording of the bladder preparations are
made during the experimental manipulations. Still
images from the video are evaluated and the change
in linear distance between pairs of landmarks is used as
an index of contractility (Drake et al. 2003).

EVALUATION

The values are expressed or plotted as the means + SE
and pA2 values are calculated (Arunlakshana and
Schild 1959). Data are analyzed using appropriate
statistical methods.

MODIFICATIONS OF THE METHOD

Isolated regions or longitudinal strips of urinary blad-
der from a number of species, including humans, may
be used to study the effects of compounds on isolated
regions. Longitudinal strips (usually from the detrusor
region) are most commonly used. Following harvest of
the bladder as outlined above, the region of interest is
cut from the bladder wall. Ligatures are placed on both
ends of the strips and one end is attached to a tissue
holder and the other to a strain gauge force-
displacement transducer connected to a polygraph on
which isometric tension changes are recorded. Each of
the strips is then placed into a tissue bath containing
Krebs-Ringer solution bubbled with 95%0, + 5%CO,
at 37°C. Resting tension is adjusted to 1 g during an
equilibrium period of at least 2 h. The contractile and
relaxant responses are measured as increases or
decreases from the resting tension, and contractile
responses to stimulation can also be assessed with
electrical stimulation of the preparations (Burnstock
et al. 1978; Hills et al. 1984; Maggi et al. 1985; Pietra
et al. 1990). Strips from the trigone region can be
harvested from larger species and similarly evaluated
(Klarskov 1987; Thornbury et al. 1992).

Contractile responses to nervous stimulation can be
assessed in whole isolated bladder preparations. The
pudendal nerve remnants can be identified near the
ureter and can be attached to electrodes for stimulation
of the bladder. Alterations in the contractile responses
by the test compound are considered to result from
effects at the neuromuscular junction (Hukovic et al.
1965; Weetman 1972; Dhattiwala and Dave 1975).

Denervated urinary bladder preparations (whole or
strips) can be used to determine the degree of effect on
nervous system inputs. Following appropriate anesthe-
sia, the pelvic plexus is accessed in rats by a ventral

165

midline incision and both pelvic ganglia are obliterated
by electrocauterization. The animals are allowed to
recover for at least 4 days before the urinary bladder
is harvested as described above; during this period, the
neurotransmitters downstream from the nervous sys-
tem inputs become inactive and only the autonomous
inputs remain. Differences in response between the
denervated urinary bladder preparation and one
harvested from a sham-operated animal are considered
to result from neural inputs. The urinary bladders of the
denervated animals must be manually emptied on
a daily basis during the 4 day recovery period (Birder
et al. 1998; Brauerman et al. 2006).

Inputs from the urothelium can be assessed in iso-
lated urinary bladder smooth muscle preparations. Fol-
lowing preparation of strips from the urinary bladder,
the urothelium is gently peeled away from the cut
surface and the strips are mounted as described
above. Effects on the capsaicin-mediated nitric oxide
pathways located in the urothelium can be assessed in
these preparations (Birder et al. 1998). Effects on the
release of neurotransmitter substances from the epithe-
lial strips removed from these preparations can also be
examined; following isolation, the epithelial strips are
incubated in Krebs buffer of suitable balanced electro-
lyte solution. Following a 20 min equilibration period,
the strips are stimulated either mechanically (by strok-
ing with a glass rod or pinching with forceps) or elec-
trically (using field stimulation of the incubation
medium). The neurotransmitter substance of interest
is analyzed in the bath solution and dose-response
curves are generated (Downie and Karmazyn 1984).

Isolated proximal urethral preparations can be made
from a number of species. Following appropriate anes-
thesia, the bladder and urethra are harvested and either
circular sections (rings) or transverse strips of 2—4 mm
in length are collected from the proximal urethra.
These are mounted in appropriate tissue holders and
connected to an isometric force transducer and
immersed in gassed balanced electrolyte solutions as
described above. Electrodes are introduced to stimu-
late relaxation in the preparations. (Andersson et al.
1983, 1992; Teramoto et al. 1997; Von Heyden et al.
1997). Similar preparations can be made from human
tissue, which is obtained from male patients undergo-
ing cystourethrectomy en bloc because of bladder can-
cer. Rings of tissue were taken from the membranous
and supra- and infracollicular parts of the prostatic
urethra (Andersson et al. 1983; Kunisawa et al. 1985).
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5.4.2.4 Effects on the Isolated Urethra
PURPOSE AND RATIONALE

The relaxation response in the urethra results in
a combination of decreased intraurethral pressure,
increased urethral diameter, and urethral shortening
resulting in a flaring of the urethral orifice. A number
of neurotransmitters and mediators are involved in this
process, with each affecting a different stage of the
process. (Brading 1999; Andersson and Wein 2004)
The urethra is difficult to study in situ because of the
large amount of surrounding connective tissue, which
can be overcome by the use of a whole-mount prepa-
ration (Jankowski et al. 2004).

PROCEDURE

Female rats or guinea pigs have been used. Following
appropriate anesthesia, the bladder and urethra are
exposed via a lower midline incision, and a catheter
is inserted in the urethral lumen, extending the entire
axial length and exiting from a hole placed in the
bladder dome. The urethra is secured to the tubing
with sutures at both ends to maintain the correct
in vivo length after dissection, and is measured. The
pubic bone is then cut at a position lateral to the
urethra and then separated and resected. The exposed
urethra was gently removed from the ventral vaginal
wall and the whole bladder-urethra unit was immedi-
ately placed in cold, oxygenated suitable balanced
electrolyte solution bubbled with 21% O,, 5% CO,,
and 74% N,.

The catheter is removed so that the urethra may be
secured inside the experimental apparatus, which pro-
vides a controlled fixed intraluminal pressure via an
adjustable static fluid reservoir (the intraluminal pres-
sure is controlled by adjusting the height of the reser-
voir). The mounted urethra is then enclosed in
a bathing chamber filled with the same gassed, bal-
anced electrolyte solution at 37°C. The preparation is
allowed to equilibrate for at least 30 min before testing.
A laser micrometer is positioned to measure urethral
outer diameter at chosen locations along the axial
length. Proximal, mid, and distal regional measure-
ments were performed by positioning the laser at
axial positions 25%, 50%, and 75%, respectively,
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from the apex of the bladder, based on in vivo length.
Both pressure and outer diameter (OD) measurements
are recorded simultaneously.

The test compound of interest is added to the
bath and pressure and OD measurements are
obtained following a 30 min equilibration period.
Pressure-diameter (P-D) responses are generated by
incrementally increasing the pressure, in 2 mmHg
steps, from 0 to 18 mmHg, and OD data are collected
at 10 Hz over a 1 min period for each 2 mmHg step.
The OD data are then averaged for each incremental
increase to obtain a discrete value for each value of
applied pressure.

Contractile responses can be evaluated in this prep-
aration as well. The urethra is exposed to a fixed
intraluminal pressure of 8 mmHg, which causes the
tissue to be predilated and allows for a contractile
response to be generated. The OD resulting from this
8 mmHg applied pressure is measured at a single axial
location (i.e., proximal, mid, or distal) 30 min after
pressurization. The test chemical of interest is added to
the bath and the preparation is exposed for 30 min; at
the end of this time, a series of 100 OD measurements
(taken at 1 Hz) are collected at the same location and
are averaged.

EVALUATION
The P-D response data are used to generate tissue
compliance (C) as follows:

C= [Dmax - Dmin/Dmin] X (Pmax - Pmin)71
where Dy,,x and D,,;, represent the OD at the maxi-
mum (P,.x, 18 mmHg) and minimum (P,,;,, 0 mmHg)
applied pressures, respectively.

Contractile responses are assessed by determining
the percent change in mean OD before and after the
addition of the test compound.

MODIFICATION OF THE METHOD

With careful dissection, the pudendal nerves can be
identified and left intact during the diisction of the
urethra from the guinea pig. These nerves can then
be attached to electrodes and alterations of effects of
neural inputs can be assessed. In this preparation,
contractile responses were assessed by measuring
changes in isometric tension and intraluminal pres-
sure changes were also recorded (Walters et al.
2000).
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5.4.2.5 Effects on the External Urethral
Sphincter
PURPOSE AND RATIONALE
In most species, the resting pressure profile respon-
sible for continence depends on the striated muscle
present in the external urethral sphincter (Brading
1999). The external wurethral sphincter shows
a steady tonic discharge under resting conditions.
As the bladder fills, there is initially an increase in
this activity. When the rise in tension in the blad-
der wall leads to reflex contraction, the activity in
the external urethra sphincter ceases and in remains
quiescent during voiding. Parlani et al. (1992) used
the external urethral sphincter of the rat as an
in vitro model to evaluate the activity of drugs on
the smooth and striated components of the urinary
bladder outlet.

PROCEDURE
Either rats or rabbits have been used. Under appropri-
ate anesthesia, the external urethral sphincter
(Watanabe and Yamamoto 1979) is isolated from the
perineal muscles and surrounding connective tissue
and removed in toto. The preparation is placed in
oxygenated Krebs solution, and a ring is taken
from its middle region. In this area the urethra is
encircled by bundles of striated muscle fibers
partly interlaced with urethral smooth muscle. The
rings are cut to obtain strips that are suspended in
a 5 ml organ bath containing Krebs solution at 37°C.
A mixture of 96% O, and 4% CO, is bubbled into the
organ bath.

The preparations are connected by means of a silk
thread to an isometric strain gauge under a constant
load of 1 g. The contractile activity is recorded on
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a polygraph. Field stimulation is carried out by means
of two platinum wire electrodes placed at the top and
the bottom of the organ bath and connected to a Grass
S11 stimulator. The preparations are allowed to equil-
ibrate for at least 60 min.

Electrogenic stimulation of the preparation
allows assessment of the effect of test compound
on contractility. Square wave pulses are delivered
at an intensity of between 10 and 60 V, a frequency
of 40 Hz, and a duration between 0.1 and 1 s;
using 0.5 s trains of 0.5 ms pulses at 15 s intervals.
Once the amplitude of the electrically induced con-
tractions is stable, the preparations can then be
exposed to test compounds and the amplitude is
again measured until stable. A 90 min rest period
following washout is required between treatments
(Morita et al. 2000).

EVALUATION

The contraction amplitude is expressed as
a percentage of the control value. Concentration
response curves can be plotted and ECsq values cal-
culated if desired.

LIMITATIONS OF THE METHOD

The striated muscle of the external urethral sphinc-
ter is easily damaged during removal. If this
occurs, the cells will become depolarized and
refractory to electrical stimulation (Brading 1999).
Testing of the preparation in the absence of drug at
the beginning and the end of the experiment will
control for this.
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6.1 Respiratory Function Assays:

General Approach

The objectives of a safety pharmacology study of the
respiratory system are to determine whether a drug has
the potential to produce a change in respiratory func-
tion and to establish whether this change is a liability.
Such changes can result from either the primary or
secondary pharmacological properties of a drug or
from organ dysfunction resulting from the toxicologi-
cal properties of a drug.

The respiratory system consists of two functional
units, the pumping apparatus and the gas exchange
unit. As such, a complete assessment of respiratory
function in safety pharmacology must include an eval-
uation of both of these components. The pumping
apparatus includes those components of the nervous
and muscular systems that are responsible for generat-
ing and regulating breathing patterns, whereas the gas
exchange unit consists of the lung with its associated
airways, alveoli, and interstitial area that contains
blood and lymph vessels and an elastic fibrous
network.

The function of the pumping apparatus is to ensure
the appropriate movement of gases between the envi-
ronment and the central airways, which is evaluated by
measuring ventilatory patterns. Ventilatory parameters
must include measures of respiratory rate, tidal vol-
ume, and minute volume, since normal ventilation
requires that the pumping apparatus provide both ade-
quate total pulmonary ventilation (minute volume) and
the appropriate depth (tidal volume) and frequency
(rate) of breathing. If a change in these parameters
occurs, inspiratory flow (mean or peak), expiratory
flow (mean or peak), fractional inspiratory time
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Fig. 6.1 Tracings of lung airflow and lung volume changes
during spontaneous breathing in a conscious rat. Airflow was
measured directly using a “head-out” plethysmograph chamber.
The functional endpoints can be automatically calculated for
each breath using a data acquisition and analysis software system

(inspiratory time/total breath time), and time between
breaths (expiratory pause or apnea) should be evalu-
ated to help define the mechanism (see Fig. 6.1).

The function of the gas exchange unit is to ensure
that gas which enters the airways from the environment
reaches the alveoli during inspiration and is removed
from the alveoli during expiration. This is accom-
plished by maintaining patent (open) airways and elas-
tic recoil in the parenchyma of the lung. The function
of the gas exchange unit is evaluated by measuring the
mechanical properties of the lung. This is most effec-
tively accomplished in conscious animals by obtaining
dynamic measurements of airway resistance or con-
ductance (to assess airway patency) and lung compli-
ance (to assess elastic recoil). Airway resistance
(measured as total pulmonary resistance) defines the
change in pleural, airway, or transpulmonary pressure
(AP) required to produce a defined change in lung
airflow (AF) and is calculated as AP/AF, while con-
ductance is calculated as AF/AP. To calculate dynamic
resistance or conductance, the AP and AF are measured
for each breath at the same lung volume during
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Fig. 6.2 Tracings of lung airflow, transpulmonary pressure, and
lung volume changes during spontaneous breathing in a rat.
Airflow was measured directly using a “head-out” plethysmo-
graph chamber, while pleural pressure was measured using
a pressure-sensitive catheter placed into the esophagus within
the thoracic cavity. The functional endpoints can be automati-
cally calculated for each breath using a data acquisition and
analysis software system

inspiration and expiration (usually between 50% and
70% of tidal volume) (see Fig. 6.2). By selecting
isovolumetric points, the dependence of AP on elastic
component of the lung is removed, leaving AP depen-
dent only on resistance to the flow of gas in the lung
and airways. Another method for assessing airway
resistance involves measuring the excursions of the
thorax and abdomen during breathing. During normal
breathing, the thorax and abdomen move in synchrony
during both inspiration and expiration. A shift from
this synchronous movement to asynchronous move-
ment can be quantified as a phase angle shift. Such
phase angle shifts have been used as indexes of
airway resistance (see Fig. 6.3). Dynamic compliance
is calculated by measuring the differences in airway or
transpulmonary pressure (AP) and volume (AV) that
occur at the beginning and end of each inspiration (i.e.,
at zero flow points) (see Fig. 6.2). By selecting zero
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Fig. 6.3 Konno-Mead loops showing synchronous and asyn-
chronous movements of the thorax and abdomen. Thoracic
movement is plotted on the y-axis and abdominal movement on
the x-axis. Phase angle (0) defines the degree of synchrony and is
calculated as 0 = sin~! (M/S) where M = distance between
abdomen-thorax loop intercepts when measured at one half the
distance between maximal and minimal thoracic excursion and
S = maximal abdominal excursion. (a) M/S = 0; 6 = 0°—
movements are synchronous. (b): M/S = 1; 6 = 90°; movements
are asynchronous. (¢) M/S = 0(—); 8 = 180°—movements are in
opposite directions (paradoxical)

flow points, the dependence of AP on tissue and airflow
movement is removed, leaving AP dependent only on
the elastic component of the lung.

Supplemental studies in safety pharmacology are
designed to investigate mechanisms of action or to
help further characterize the liability of a drug effect.
To help understand the mechanisms and liabilities
associated with respiratory function changes, it is
important to determine whether a drug-induced change
in ventilation is acting through a mechanism involving
the central or peripheral nervous system, and whether
a drug-induced change in respiratory function has an
effect on arterial blood gases.

Because the safety profiles defined by safety phar-
macology studies can have a significant impact on the
successful development of new therapeutic agents, it is
important that the techniques and assays used in safety
pharmacology studies minimize the occurrence of
false negative and false positive results. For this rea-
son, techniques that provide direct measures of
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respiratory parameters should be used. A direct mea-
sure is one that provides the endpoint of interest, in
contrast to an indirect measure that provides
a surrogate endpoint, which requires certain assump-
tions and/or calculations to estimate the true endpoint.
Furthermore, because most drugs are intended for use
in conscious patients and most anesthetics, analgesics,
and sedatives can alter ventilatory reflexes, respiratory
drive, and airway reactivity, safety pharmacology
studies evaluating the effects of drugs on respiratory
function should utilize conscious animal models.
Based on the above, the respiratory function assays
covered in this chapter will focus primarily on new
technologies that provide direct measures of respira-
tory parameters in conscious animals and are consid-
ered to be most appropriate for use in safety
pharmacology studies. Alternate techniques, which
provide either indirect measures of respiratory func-
tion (e.g., barometric or whole body plethysmography)
or use anesthetized models, have been described else-
where (see “References”) and will not be covered in
this chapter.
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6.2  Respiratory Function in Conscious
Rats
PURPOSE AND RATIONALE

The rat is considered an appropriate species for gen-
eral use in safety pharmacology studies of the respi-
ratory system. The physiology of the respiratory
system has been well characterized in this species
and much of the information on drug-induced effects
on ventilatory control and mechanisms of airway
disease have been obtained in the rat. The rat is also
readily available from animal vendors, is easy to
handle and train, has a relatively stable breathing
pattern, and has the appropriate temperament for con-
scious respiratory measurements. Furthermore, the
techniques for measuring respiratory functions in
rats are well established, and the rat is commonly
used in toxicology studies. Selecting a species that
is used in toxicology studies provides additional sup-
portive information including (1) pharmacokinetic
data that can be used to define the test measurement
intervals, (2) acute toxicity data that can be used to
select the appropriate high dose, and (3) toxicology/
pathology findings that can be used to help define the
mechanism of the functional changes measured in
safety pharmacology studies. Although this technique
has been developed in the rat, it is also applicable to
other small animals.

PROCEDURE

To provide a direct measure of ventilatory parame-
ters, a head-out plethysmograph chamber is used,
while measurement of pleural pressure is used to
provide a direct measure of airway resistance and
compliance.

6.2.1 Pleural Pressure Measurements
6.2.1.1 Catheter Placement

Pleural pressure is measured chronically in conscious
rats by surgically implanting a fluid-filled polyure-
thane catheter (length = 10 cm; O.D. = 0.7 cm)
attached to a pressure-sensitive radiotelemetry
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transmitter (Model TA11PA-C40, Data Sciences
International, St. Paul, MN) beneath the serosal layer
of the esophagus and within the thoracic cavity (see
Fig. 6.4).

6.2.1.2 Surgical Procedure

Surgery is initiated by anesthetizing the rat with
isoflurane (2-3%) delivered by inhalation in 100%
oxygen. The surgical area is prepared by shaving the
abdomen with surgical clippers and scrubbing with
a Betadine®™ and 70% ethanol wash. Once the area
has been prepared, an abdominal incision (approxi-
mately 4-5 cm in length) is made along the linea
alba. The lobes of the liver (within the abdominal
cavity) are refracted to expose the esophagus and the
lobes gently packed against the abdominal wall using
moist 2 x 2 in. Versalon™ (or equivalent) squares. The
esophagus is isolated approximately 2 cm below the
Hiatus oesphagicus (junction with the diaphragm),
a 22-gauge needle (1 in. in length with an approximate
90° bend) is inserted into the esophagus between the
serosa and muscularis layers, and the needle is
tunneled cranially into the thoracic cavity (see
Fig. 6.4). It is important to keep the esophagus
completely straight while the needle is being inserted
since the needle can reemerge through the serosa layer
and enter into the pleural space. This will generally
lead to encapsulation of the catheter tip and result in
a loss or dampening of the pressure signal. Care must
be taken not to advance the needle too far up the
esophagus (generally no more than 1.5 cm) since the
needle may come into close contact with the heart,
causing a cardiac pressure signal. Once the needle is
advanced to a point approximately 1 cm beyond the
diaphragm junction, the needle is removed and the
catheter from the telemetry transmitter unit advanced
up the channel. During this step, care must be taken not
to apply pressure to the catheter for risk of damaging
the fluid-filled catheter and telemetry unit. A pair of
vessel cannulation forceps (5 1/8" Roboz Surgical
Instruments, Rockville, MD) can be used to suc-
cessfully advance the catheter without damaging
the unit. Pleural pressure should be monitored dur-
ing these procedures to ensure an optimal signal is
obtained. Pleural pressures during isoflurane-
induced anesthesia should be between approxi-
mately 8 and 20 cm H,O. The signal may be altered
by slowly moving the catheter up and down the
channel in the esophagus. Once a maximal and
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Fig. 6.4 Drawing of a rat Serosa
showing placement of the
pressure-sensitive subpleural
catheter and radiotelemetry
transmitter for chronic
measurement of pleural
pressure in conscious animals.
The enlargement is a cross
section through the esophagus
showing the position of the
catheter between the serosal
and muscularis layers
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acceptable pleural pressure signal is obtained, the
catheter is secured in place using medical grade
tissue adhesive (Vetbond™ or equivalent) and
a small cellulose patch. The body of the transmitter
unit is secured to the abdominal wall with
nonabsorbable suture during the closure of the
abdominal musculature. The skin layer is closed
with absorbable suture and/or surgical wound clips.

6.2.1.3 Surgical Recovery and Training

If wound clips are used, they are removed approxi-
mately 8—10 days post surgery. Rats are placed in clean
polycarbonate boxes with soft bedding for approxi-
mately 7-10 days, observed daily for any signs of
distress, and weighed at least twice weekly. A rat
may initially lose 10% of its body weight after surgery,
but should begin gaining weight by day 5 post surgery.
Prior to the initiation of a study, all rats must be trained
to the plethysmograph chamber by placement in the
chamber on three to five occasions. The first training
session should be conducted prior to surgery to elimi-
nate any rat that does not accept the chamber. The
duration of time in the chamber should be at least
equal to the time selected in the study. Rats can tolerate
these types of chambers for up to a maximum of
approximately 6 h.

Pleura

Catheter

Pressure

Diaphragm
phrag Transmitter

6.2.2 Lung Airflow and Lung Mechanics
Measurements

Changes in lung airflow are measured in conscious,
restrained rats using a head-out, volume displacement
plethysmograph chamber (approximately 1-3 L capac-
ity) (Fig. 6.5). In this type of chamber, the head is
exposed to ambient conditions, while the trunk is
enclosed in the chamber. A seal is made around the
neck using neoprene collar (1/8 in. thickness). Pressure
changes within the chamber are measured using
a differential pressure transducer with a sensitivity of
approximately = 2 cm H,O (Model MP-45-14,
Validyne Engineering, Northbridge, CA) and the pres-
sure changes converted to flow rates using
a pneumotach port (1 in. diameter opening with six
layers of 325 mesh stainless steel wire cloth). The
analog flow signal is conditioned using a preamplifier
and then converted to a telemetry (frequency) signal
using a voltage analog to frequency converter (Model
C12V, Data Sciences International, Inc. (DSI), St.
Paul, MN). A telemetry receiver (Model RLA1020 or
RPC-1, Data Sciences International, Inc., St. Paul,
MN) is placed beneath the plethysmograph chamber
to transmit the pleural pressure telemetry signal in
parallel with the chamber flow signal to a software
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Fig. 6.5 Plethysmograph
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chambers for the direct
measurement of ventilatory
parameters. The rat and dog
are in “head-out” chambers,
while the monkey is in

a “head-enclosed” chamber.
For all chambers, an airtight
seal is made around the neck
using a 1/8 in. thick neoprene
collar

application (e.g., DSI Dataquest ART analog system)
that converts the telemetry signals into calibrated ana-
log voltage signals and places the signals in phase by
correcting for any differences in signal transmission
times. The analog signals are then sent to a data acqui-
sition and analysis software application (e.g., Life
Sciences Suite Po-Ne-Mah Physiology Platform P3
with PCR application, Gould Instrument Systems,
Inc., Valley View, OH) for calculation of ventilatory
and lung function parameters (see Figs. 6.1 and 6.2).

6.3  Respiratory Function in Monkeys
and Dogs: Restrained
Methodologies

PURPOSE AND RATIONALE

Species other than the rat may be required to address
specific study requirements. For example, the develop-
ment of humanized monoclonal antibodies or other
biotechnology-derived proteins requires species that
have homologous target proteins and do not produce
an antigenic response to the drug. In such cases, the
nonhuman primate is generally required. Since both
dogs and monkeys are used in toxicology studies of
new drugs, either of these species may also be required
to investigate pathological changes that are suspected
of having an effect on the function of the respiratory
pumping apparatus or gas exchange unit. Since

telemetry transmitters with sufficient power to transmit
two pressure signals have been developed for larger
animals, the use of monkeys and dogs also has the
advantage of allowing the measurement of both respi-
ratory and cardiovascular functions. The procedure
below is described for the cynomolgus monkey
(Macaca fascicularis); however, this procedure is
also applicable to the dog or other large animals.

6.3.1 Pleural and Arterial Pressure

Measurements

6.3.1.1 Catheter Placements

Pleural pressure is measured chronically in conscious
monkeys by surgically implanting a fluid-filled polyure-
thane catheter (length = 35 cm; O.D. = 1.2 mm)
attached to a pressure-sensitive radiotelemetry transmit-
ter (Model TL11M3-D70-PCP, Data Sciences Interna-
tional, Inc., St Paul, MN) beneath the serosal layer of the
esophagus and within the thoracic cavity. Arterial pres-
sures may also be measured by implanting a second
fluid-filled polyurethane catheter (length = 35 cm;
O.D. = 1.2 mm) attached to the same radiotelemetry
transmitter into the abdominal aorta.

6.3.1.2 Surgical Procedure
Monkeys are premedicated with acetylcholine
(0.025 mg/kg, im.) and flunixin meglumine
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(1 mg/kg, i.m.). Anesthesia is induced with ketamine
(10 mg/kg, i.m.) and maintained with isoflurane
(1-3%) delivered by inhalation in 100% oxygen. The
monkey is then placed in semi-dorsal recumbency,
scrubbed, and draped for aseptic surgery. A feeding
tube is passed down the esophagus and into the stom-
ach. A midline laparotomy is performed and the body
of the telemetry unit is sutured to the abdominal wall.
Two silastic retaining beads are placed 5 cm from the
tip of one of the pressure catheters, and two retracting
sutures are placed in the stomach just below the cardia.
The esophagus is identified at the point where it passes
through the diaphragm and an anchoring suture is pre-
placed at this site. A small incision is made through the
serosal layer of the esophagus and a modified groove
director is inserted between the serosal and muscularis
layers and advanced cranially through the diaphragm
along the dorsolateral aspect of the esophagus, using
the feeding tube as a guide. The pressure catheter is
advanced into the pleural cavity until the beads are
located at the pre-placed suture and the groove director
is withdrawn. The pleural pressure is visually verified
and a negative deflection is confirmed with each respi-
ratory effort. The catheter is either retracted or
advanced until a maximal change in pressure
(>4 mmHg) was obtained. The catheter is secured
using the pre-placed suture.

To monitor arterial blood pressure, a 4 cm incision
is made over the right femoral region and the femoral
artery is isolated. A trocar is used to pass the blood
pressure catheter from the abdomen to the femoral
incision. An arterotomy is made in the femoral artery
and the catheter introduced 10 cm into the artery and
secured using standard techniques.

6.3.1.3 Surgical Recovery and Training

After surgery, the monkeys are allowed to recover for
at least three weeks prior to the start of the study. All
monkeys are observed daily for signs of pain or dis-
tress, and body weights are obtained at least weekly.
All monkeys should be acclimated to handling, chair
restraint, and the helmet used for respiratory measure-
ments on at least three occasions prior to the start of
each study. In addition, prior to implantation of the
telemetry device, each monkey should be acclimated
to the restraint chair and helmet for approximately
60 min on at least six occasions to ensure that the
animals have the appropriate temperament.
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6.3.1.4 Lung Airflow and Lung Mechanics
Measurements

Changes in lung airflow are measured in conscious,
restrained monkeys using a restraint chair equipped
with a clear plastic helmet that seals around the
neck and isolates the head from the rest of the body
(see Fig. 6.4). The helmet is adapted to serve as a
volume displacement plethysmograph by attaching
a pneumotachometer (Model 4500A, Hans Rudolph,
Inc., Kansas City, MO). A bias flow of approximately
5 L/min of room air is used to ensure that all monkeys
have an adequate air supply for breathing. The helmet
is cylindrical and has a height of 13.5 cm, a diameter of
20 cm, and an internal volume of approximately 4.2 L.
Room air is pulled into the helmet through the
pneumotach attached to the upper side of the helmet
and is exhausted through six evenly spaced openings
around the base of the helmet to ensure uniform flow.
A vacuum system is attached to the output line of a six-
port manifold at the top of the helmet using flexible
plastic tubing (I.D. = 1.27 cm) with the openings at the
base of the helmet connected to the manifold using
flexible plastic tubing (I.D. = 0.635 cm).

Pressure changes within the helmet are measured
using a differential pressure transducer with
a sensitivity of approximately + 2 cm H,O (Model
MP-45-14, Validyne Engineering, Northbridge, CA).
The analog flow signal is conditioned using
a preamplifier and then converted to a telemetry (fre-
quency) signal using a voltage analog to frequency
converter (Model C12V, Data Sciences International,
Inc., St. Paul, MN). The restraint chairs are positioned
in close proximity to individual telemetry receivers
(Model No. RMC-1, Data Sciences International,
Inc., St. Paul, MN) to ensure signal transmission.
The pleural pressure signal is transmitted in
parallel with the chamber flow signal to a software
application (e.g., DSI Dataquest ART analog system)
that converts the telemetry signals into calibrated
analog voltage signals, and places the signals in
phase by correcting for any differences in signal trans-
mission times. The analog signals are then sent to
a data acquisition and analysis software application
(e.g., Life Sciences Suite Po-Ne-Mah Physiology
Platform P3 with PCR application, Gould Instrument
Systems, Inc., Valley View, OH) for calculation of
ventilatory and lung function parameters (see
Figs. 6.1 and 6.2).
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6.4  Respiratory Function in Monkeys
and Dogs: Non-restrained
Methodologies

PURPOSE AND RATIONALE

Methods currently available for measuring ventilatory
parameters in conscious monkeys and dogs utilize
a head-out or head-enclosed plethysmograph chamber,
or a face mask equipped with a pneumotachograph
attached to the snout of the animal. These methods
require restraint and, consequently, allow for only
short, periodic measurements. Because of these limita-
tions, respiratory inductive plethysmography (RIP) was
recently adopted for use as a possible method for con-
tinuous monitoring of respiratory parameters in non-
restrained dogs for extended periods of time. A similar
methodology is currently being developed for monkeys.
However, a validation of this methodology in the mon-
key has not yet been published. RIP utilizes straps
containing inductive coils placed around the thorax
and abdomen to measure lung volume changes.
A continuous, low-voltage electrical current is passed
through the inductive coils and current changes, which
are proportional to the changes in length of the inductive
coil straps, are produced by the expansion and contrac-
tion of the thorax and abdomen during breathing.
Changes in the inductive current are used to continu-
ously monitor changes in the circumference of the tho-
rax and abdomen and analysis software can be used to
calculate volume changes and breathing rate. Linear
measurements of both thorax and abdomen are obtained
based on the principle that lung expansion consists of
two degrees of freedom of motion. These motions are
independent and consist of the circumferential expan-
sion and elongation of the lung, the latter of which is
caused by depression of the diaphragm and is measured
by expansion of the abdomen. Impedance technology
combined with telemetry has also been used to measure
thoracic movement during breathing in dogs. This
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methodology, however, does not include separate mea-
surement of abdominal movement and, consequently,
its application for assessing ventilator and airway resis-
tance measurements in conscious, non-restrained dogs
and monkeys is limited.

A comparison with a standard method for measur-
ing ventilation (facemask with attached pneumota-
chograph) demonstrated that ventilatory parameters
(tidal volume, respiratory and minute volume) can be
accurately measured in the conscious dog and, impor-
tantly, that changes in posture do not have a significant
effect on tidal volume measurements. The absence of
postural effects allows this methodology to accurately
assess ventilatory parameters in ambulatory subjects.
RIP expands current methodologies in that it allows for
continuous monitoring of ventilatory parameters over
extended periods of time. This added capability will
allow for respiratory monitoring during both the awake
and sleep states, which is significant since control of
respiratory drive differs between the awake and sleep
states and drug-induced effects such as sleep apnea or
sleep-disordered breathing can have adverse health
consequences. Combined with cardiovascular teleme-
try, this methodology will also allow for the combined
monitoring of cardiovascular and respiratory parame-
ters in conscious, non-restrained dogs.

PROCEDURE

6.4.1 Animal Acclimation

Non-restrained dogs are acclimated to wearing
a custom-fit jacket, which contains the inductive coil
straps and an accelerometer, by placing the jacket on
each animal for increasing periods of time up to
a target time of approximately 26 h. Acclimation to
the jacket on at least one occasion for a period of 4-6 h
and a second occasion for 20-24 h is considered an
appropriate acclimation schedule, as indicated by the
acceptance of the animal of the jacket and no overt
evidence of animal stress. Only approximately 10% of
dogs are rejected because of poor behavior related to
acceptance of these procedures.

6.4.2 Ventilatory Measurements

Ventilatory parameters and an index of airway resis-
tance (phase angle) can be obtained by measuring
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thoracic and abdominal excursions using RIP. Respi-
ratory parameters obtained using RIP involve fitting
dogs with a custom-fit jacket equipped with inductive
sensor straps woven into the jacket to fit around the
chest and abdomen to detect chest and abdomen excur-
sions. Respiratory data are transmitted wirelessly from
a transmitter inside the jacket to a receiver for input
into a data acquisition and analysis system (e.g., Data
Sciences International, St. Paul, MN or EMKA Tech-
nologies, Falls Church, VA). The analysis software
sums the thoracic and abdominal waveforms for each
breath to calculate respiratory rate, tidal volume,
minute volume, inspiratory and expiratory times, and
flows and apneic times (times between breaths). The
phase angle (0) is determined for each breath by plot-
ting the abdominal movement on the abscissa and the
thoracic movement on the ordinate to produce figures
that are commonly referred to as Konno-Mead loops.
The phase angle is calculated using the following
equation: 8 = sin~ '(M/S), where 0 is the phase angle,
M is the distance between the intercepts of the
thoracic-abdominal loop on a line drawn parallel to
the x-axis and which is placed at one-half the distance
between the maximal and minimal thoracic excursion,
and S is the maximal abdominal excursion (see
Fig. 6.3).

The distance between the inductive straps must be
adjusted such that one strap is located at the level of
the fourth to fifth rib and the other located just caudal
to the ribcage. These locations provided for stable
measurements, as strap adjustments are not required
for measurement periods of up to 24 h. Volume mea-
surements should be monitored during the adjustment
of inductive strap tensions to ensure maximal sensi-
tivity. Certain behaviors (e.g., eating/drinking,
barking, jumping, panting) noted in non-restrained
dogs can produce abnormal volume waveforms that
are excluded from data analysis. These behaviors are
relatively infrequent and generally account for less
than approximately 5% of the total recording time
over a 24 h period.

To calibrate volume measurements of the RIP sys-
tem, a qualitative diagnostic calibration (QDC) and
a fixed volume calibration are performed each time
the jacket is placed on an animal. QDC computes
a calibration factor (k) that defines the proportional
relationship between abdominal and thoracic volumes
using breaths of constant tidal volume. Fixed volume is
used to calculate the total volume amplification factor
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(M) and uses a known tidal volume that is obtained
using a pneumotachograph attached to a facemask that
fits over the snout of the dog. Analog flow waveforms
from the pneumotachograph are detected by
a differential pressure transducer (e.g., Model MP-45,
Validyne Engineering, Northridge, CA). The calibra-
tion procedure involves (1) fitting the animal with
a jacket containing the inductive straps and placing
the animal on a table in a prone (standing) position,
(2) allowing the animal to take normal breaths for
a period of approximately 5 min and calculating the
ratio of the standard deviations of the abdominal
(AV ap) to thoracic (AVy) excursions (ratio = k),
(3) placing a face mask with a calibrated pneumota-
chograph on the animal’s snout, and (4) adjusting the
amplifier gain until the pneumotachograph and RIP
system tidal volume values are identical (amplifier
multiple = M). The calibrated tidal volume (AV,) is
then calculated using the equation AV, = M[(KAVT)
+ AV 5]
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6.5 Distinguishing Central from
Peripheral Nervous System Effects
of Drugs

PURPOSE AND RATIONALE

Many drugs stimulate or depress ventilation by selective
interaction with the central or peripheral nervous system.
Thus, distinguishing a central from peripheral site of
action is an important part of characterizing the
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mechanism of a drug-induced change in ventilation.
Noninvasive methods for evaluating the central and
peripheral effects of drugs in conscious animals have
been developed and involve measuring effects of the
test drug on agents known to selectively stimulate venti-
lation by activating either central or peripheral mecha-
nisms. An assay developed by Murphy et al. (1995)
provides a simple, noninvasive method for
distinguishing the central from peripheral nervous sys-
tem effects of respiratory depressant drugs in conscious
rats. This technique, however, can also be applied to
larger animals such as the dog or monkey. The procedure
involves exposing rats for 5 min to an air mixture
containing 8% CO, (central chemoreceptor stimulant)
followed by an intravenous bolus injection of 300 pg/kg
sodium cyanide (peripheral chemoreceptor stimulant)
and comparing the changes in minute volume and
mean inspiratory flow (respiratory drive) before and
after drug treatment. Morphine sulfate (3 mg/kg, intra-
venous), an opioid analgesic that depresses ventilation
through a central mechanism, and carotid body denerva-
tion (peripheral depressant) were used to initially
develop this procedure. The central respiratory depres-
sants phenobarbital (200 mg/kg), xylazine (3 mg/kg), L-
2-phenylisopropyladenosine (L-PIA) (1 mg/kg), and
gamma-hydroxybutyric acid (GHBA) (300 mg/kg)
were subsequently given intravenously to confirm the
validity of this procedure. Using this assay, a centrally
acting respiratory depressant can be identified by its
inhibition of CO,-induced stimulation of minute venti-
lation and enhancement of the NaCN-induced stimula-
tion of mean inspiratory flow, whereas a peripherally
acting respiratory depressant can be identified by its
lack of effect on CO,-induced stimulation of minute
ventilation and its inhibition of NaCN-induced stimula-
tion of mean inspiratory flow.

PROCEDURES

6.5.1 Gas and Sodium Cyanide Exposures

Rats are exposed to gas mixtures using a two-
chambered plethysmograph. The body of the animal
is enclosed in a head-out chamber that is used to
measure ventilatory parameters, while the head is
enclosed in a cylindrical plastic headpiece that is
attached to the front of the body chamber.
A neoprene collar (1/8 in. thick) placed around the
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neck of the animal is used to seal the plethysmograph
chamber and separate the head and body chambers.
Specific gas mixtures are delivered from compressed
gas tanks to the head chamber at a rate of 2 L/min. All
animals are acclimated to the chamber by placement in
the chamber for at least three 15-min periods on three
separate occasions with compressed air flowing
through the head chamber at a rate of 2 L/min. Prior
to drug treatment, a catheter is inserted into a tail vein
for administration of sodium cyanide. The catheter is
exteriorized from the plethysmograph chamber
through an opening that is made airtight by sealing
with clay. Tail vein catheterization is accomplished
using a 1/2 to 3/4 in. butterfly needle (23-25 gauge)
attached to an extension set with syringe attachment.
The gas mixtures contain either normal breathing air
(21% O3, 79% N,) or elevated CO, (8% CO,, 21% O,,
71% N,). All animals are first exposed to the normal air
mixture for 5-10 min and then to the elevated CO,
mixture for 5 min. The mean value for the 5-10 min
exposures to air and high CO, are calculated for minute
volume and the difference used to quantify the stimu-
latory effect of CO,. Following CO, exposure, rats are
exposed to the normal air mixture until the ventilatory
parameters return to normal (generally 5-10 min).
Sodium cyanide (300 pg/kg) is then administered as
a bolus injection using the tail vein catheter. The peak
change in mean inspiratory flow is measured during the
1-3 min period of ventilatory stimulation following the
sodium cyanide injection.

6.5.2 Measurement of Ventilatory
Parameters

Ventilatory parameters are measured using a head-out,
volume displacement plethysmograph chamber
(approximately 1-3 L capacity). In this type of cham-
ber, the head is exposed to ambient conditions, while
the trunk is enclosed in the chamber (see Fig. 6.4).
A seal is made around the neck using neoprene collar
(1/8 in. thickness). Pressure changes within the cham-
ber are measured using a differential pressure trans-
ducer with a sensitivity of approximately + 2 cm H,O
(Model MP-45-14, Validyne Engineering,
Northbridge, CA) and the pressure changes converted
to flow rates using a pneumotach port (1 in. diameter
opening with six layers of 325 mesh stainless steel wire
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cloth). The analog flow signal is conditioned using
a preamplifier and then sent to a data acquisition and
analysis software application (e.g., Life Sciences Suite
Po-Ne-Mah Physiology Platform P3 with PCR appli-
cation, Gould Instrument Systems, Inc., Valley View,
OH) for calculation of ventilatory parameters. The
values for minute volume and mean inspiratory flow
are determined for each breath and average values
calculated for every 0.1 min. The mean inspiratory
flow (a measure of respiratory drive) is calculated by
dividing tidal volume by inspiratory time and minute
volume is calculated by obtaining the product of tidal
volume and respiratory rate (see Fig. 6.1).
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6.6 Continuous Measurement of
Expired CO,
PURPOSE AND RATIONALE

Changes in ventilatory parameters help define the mech-
anism and potential cause of a respiratory disorder,
whereas changes in the partial pressure of arterial CO,
(PaCO,) define the physiological consequences, or lia-
bility, of a ventilatory change. A ventilatory disorder
resulting in a decrease in PaCO; is defined as hyperven-
tilation, whereas an increase in PaCO, is defined as
hypoventilation. Obtaining samples of arterial blood
for CO, analysis by needle puncture or arterial cathe-
terization during ventilatory measurement is not consid-
ered practical since the acute insertion of the catheter or
the restraint procedure needed for needle insertion and
blood collection can often interfere with respiratory
measurements. This is especially true for smaller ani-
mals. Furthermore, a blood sample only assesses blood
gas status over the short time period that the sample is
taken. Measuring changes in the peak concentration of
expired CO, (end-tidal CO,) during each breath has
been developed as an alternative method for monitoring
arterial CO, tension in humans and larger animals. End-
tidal CO, measurements can be performed noninva-
sively and can be used for the continuous monitoring
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of arterial CO, during ventilatory measurements in con-
scious animals. With the use of microcapnometry,
Murphy et al. (1994) developed a technique that could
monitor end-tidal CO, in conscious rats during ventila-
tory measurements. The development of this technique
in rats is important as the rat is a model commonly used
for assessing ventilatory function in safety pharmacol-
ogy. This assay was validated by showing that the
changes in end-tidal CO, were sensitive to changes in
ventilation, are sensitive to drug-induced respiratory
stimulation or depression, and are quantitatively (line-
arly) related to changes in arterial CO, and O, tensions
and arterial blood pH.

PROCEDURES

6.6.1 Ventilatory Measurements
Ventilatory parameters are measured using a head-out,
volume displacement plethysmograph chamber
(approximately 1-3 L capacity). In this type of cham-
ber, the head is exposed to ambient conditions, while
the trunk is enclosed in the chamber (see Fig. 6.4).
A seal is made around the neck using neoprene collar
(1/8 in. thickness). Pressure changes within the cham-
ber are measured using a differential pressure trans-
ducer with a sensitivity of approximately + 2 cm H,O
(Model MP-45-14, Validyne Engineering,
Northbridge, CA) and the pressure changes converted
to flow rates using a pneumotach port (1 in. diameter
opening with six layers of 325 mesh stainless steel wire
cloth). The analog flow signal is conditioned using
a preamplifier and then sent to a data acquisition and
analysis software application (e.g., Life Sciences Suite
Po-Ne-Mah Physiology Platform P3 with PCR appli-
cation, Gould Instrument Systems, Inc., Valley View,
OH) for calculation of ventilatory parameters. The
values for tidal volume, respiratory rate, and minute
volume are determined for each breath and average
values calculated for every 0.1 min.

6.6.2 End-Tidal CO, Measurement

End-tidal CO, (peak expired CO,) was measured
for each breath with a microcapnometer
(Microcapnometer, model 0151-003 L, Columbus
Instruments, Columbus, OH, USA). This
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microcapnometer is uniquely suited for measurement
of expired CO, in rats and other animals with low
minute volumes (200400 mL/min) since it utilizes
relatively low flow rates (5 or 20 cc/min) compared
with the standard capnometers that require
150-200 cc/min. This capability is achieved by using
a low-pressure, high-velocity principle for analyzing
the sampled gas. Airflow to the microcapnometer is
maintained at 20 mL/min and is collected through
a Teflon catheter (I.D. = 0.76 mm). Carbon dioxide
concentrations are measured spectrophotometrically
using standard infrared gas sensor technology and
the values are expressed as percentage of total dry
air volume. Average values for end-tidal CO, are
calculated and expressed as numerical output every
0.1 min by the microcapnometer. The waveform and
numerical data can be acquired by a computer system
for storage and analysis. The microcapnometer is
calibrated using an analyzed gas mixture containing
5% CO, and 95% O,.

To convert the percentage CO, values measured by
the microcapnometer (in dry air and at room tempera-
ture) to partial pressure values of CO, present in the
alveoli (PACO,), the following formula is used:

PoCO,(mmHg) = %CO, x [BP(mmHg) — PAH,O(mmHg)]

where BP is the barometric pressure measured at room
temperature and PoH,O is the partial pressure of HO
in alveolar gas at body temperature (39°C) and satu-
rated with water.

End-tidal CO, is monitored in conscious rats by
using a mask that is fitted to the snout of the rat.
Since rats are obligate nasal breathers, enclosure of
the mouth is not necessary. The distal tip of the nasal
mask has an opening (I.LD. = 3.5 mm) for breathing
through and an attachment site for the tube connecting
to the microcapnometer. The mask is held in place
with a harness that fits over the head of the animal,
and air samples are collected from the tip of the
mask. To ensure a comfortable and tight seal around
the snout, the inner edge of the plastic mask is coated
with silicone foam (Life care®, Lafayette, CO, USA).
Dead space associated with the mask is approxi-
mately 0.06 cc. All animals should be acclimated
to the plethysmograph chamber, harness, and mask
on at least five occasions prior to end-tidal CO,
measurements.
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7.1  General Considerations

Safety pharmacology is defined as those studies that
investigate the potential undesirable pharmacody-
namic effects of a substance on physiological functions
in relation to exposure in the therapeutic range and
above (ICH-guideline S7A 2001). Safety pharmacol-
ogy in metabolism pharmacology is of secondary
importance in comparison to the safety pharmacology
of vital functions (safety pharmacology core battery:
cardiovascular, respiratory, and central nervous
systems) and therefore listed under “Follow-up and
Supplemental Safety Pharmacology Studies (ICH-
guideline S7A 2001: Sect. 2.8.2).” In this section of
the guideline, the subjects of safety pharmacology in
metabolism pharmacology are listed under the
topics of “gastrointestinal system” (ICH-guideline
S7A 2001: Sect. 2.8.2.3) and “other organ systems”
(ICH-guideline S7A 2001: Sect. 2.8.2.4).

In this chapter, pharmacological methods are
described for the characterization of candidate com-
pounds on their effects on the gastrointestinal func-
tions (gastric acid secretion, bile secretion, exocrine
pancreatic secretion, gastrointestinal motility) and
their gastrointestinal injury potential. In addition,
there are pharmacological methods described with
respect to elucidate the undesirable effect potential of
compounds on intermediary carbohydrate and lipid
metabolism resulting in hypo- or hyperglycemia,
hyperlipidemia, and insulin resistance, which could
finally provoke life-threatening hypoglycemia or on
the long-run diabetes, atherosclerosis, and obesity.

In principle, every pharmacological assay, which is
described in detail by Vogel (2008), can be used for the
safety pharmacological characterization of a candidate
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compound with respect to safety pharmacology in
metabolism pharmacology (Vogel (2008): Activity
on the gastrointestinal tract (Chapter J), antidiabetic
activity (Chapter K), anti-obesity activity (Chapter L),
and anti-atherosclerotic activity (Chapter M). Here, in
this part of the book, selections of these assays are
presented which primarily meet the ICH guideline
(ICH-guideline S7A 2001) and which are appropri-
ately adapted to the characterization of candidate
compounds with a different primary indication for the
assessment of their pharmacological side effect poten-
tial on metabolism pharmacology.
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7.2  Gastrointestinal System

7.2.1 General Considerations

If a candidate compound with a totally different pri-
mary indication causes additionally an inhibition of
gastric acid secretion, this finding may be assessed as
additionally beneficial and therefore does not represent
a safety concern, irrespective whether these pharma-
cological effects occur in the pharmacological dose
range for the primary pharmacological effect or at
suprapharmacological doses as usually used for safety
pharmacological studies of a candidate compound.
The opposite situation that a candidate compound
for a different primary indication causes additionally
a stimulatory effect on gastric acid secretion represents
always a safety concern due to the risk for induction of
gastrointestinal ulcers.

On the other hand, an unrealized antisecretory effect
on gastric acid secretion, which might occur at
suprapharmacological doses as used for toxicity studies,
can become obvious during cancerogenicity studies in
rats, resulting in the finding of carcinoids (ECL-cell
proliferation) due to the long-lasting increase in gastric
pH with subsequently elevated gastrin levels, which
functionally and tropically control gastrointestinal

A.W. Herling

Table 7.1 Four main gastrointestinal functions investigated by
appropriate test methods for detection of the side effect potential
of new drug candidates

Function Assay/test

Gastric secretion Pylours-ligated rat
Gastric-intestinal injury Gastrointestinal ulceration in rats

Transit time Propulsive gut motility in mice or

rats (charcoal)
Gastric emptying assay Stomach emptying in mice or rats

(phenol red)

enterochromaffin-like cells (ECL cells). This connection
between gastric pH, gastrin level, ECL-cell proliferation,
and gastric carcinoids has first been demonstrated for the
proton pump inhibitor omeprazole (Arnold et al. 1986;
Creutzfeldt et al. 1986; Ekman et al. 1985).

An acute stimulatory effect on gastric acid secretion
as well as a direct effect on reduction of gastric mucus or
bicarbonate secretion may finally result in gastric ulcers.
An ulcerogenic side effect potential is always a safety
issue of a candidate compound and should be carefully
investigated. Since nearly 100 years, it has well been
known that nonsteroidal anti-inflammatory drugs
(NSAID) cause gastric ulcerations, but their molecular
mode of action, the inhibition of the cyclooxygenase
(COX), the key enzyme in prostaglandin (PGG,, PGH,)
synthesis, has first been proposed since the early 1970s
(Vane 1971). In the meanwhile, different isoforms of the
COX enzyme have been identified (Smith et al. 1996).
The constitutionally expressed isoenzyme COX-1 rep-
resents the dominant isoform in gastric mucosa. To get
rid of the ulcerogenic side effect potential of NSAIDs,
more selective inhibitors for COX-2 have been devel-
oped (Kurumbail et al. 1996; Wolfe 1998).

In the following chapters, a selection of pharmaco-
logical methods in gastroenterology is presented which
primarily meet the ICH guideline (ICH-guideline S7A
2001) and exceed present practice. To date, only four
main tests appear to be widely used by pharmacolo-
gists to study gastrointestinal functions in safety phar-
macology (Table 7.1; Harrison et al. 2004).
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7.2.2 Gastric Acid Secretion (Gastric Ph
Measurement)

7.2.2.1 Gastric Acid Secretion in
Pylorus-Ligated Rats

PURPOSE AND RATIONALE

The secretory potential of a candidate compound
might be under safety aspects much more problematic
due to its ulcerogenic potential compared to the
antisecretory potential of a candidate compound with
a different primary indication.

A simple and reliable method for the measurement
of gastric acid secretion and production of gastric
ulcers in the rat based on ligature of the pylorus has
been published by Shay et al. (1945). Gastric acid
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secretion can be stimulated by histamine, carbachol,
or gastrin. Candidate compounds with antisecretory
potential inhibit stimulated gastric acid secretion.
The secretory potential of a candidate compound can
be studied during basal conditions without administra-
tion of a secretagogue.

PROCEDURE (MODIFIED AFTER Shay et al.
1945)

This study is performed in conscious rats with a body
weight of 150-170 g. Food is withdrawn 16 h before
beginning of the study with water available ad libitum.
Following pylorus ligation, performed under ether
anesthesia, the candidate compound is administered
intraperitoneally (i.p.) or intraduodenally (i.d.). Gastric
acid secretion is either studied under basal conditions
or stimulated by subcutaneous (s.c.) injection of
a secretagogue. The secretagogue is injected again
1 h later. Three hours after the beginning of the exper-
iment, the animals are killed, the stomach excised,
and the accumulated gastric juice collected. The
three different secretagogues employed are histamine
(2 x 20 mg/kg s.c.), desglugastrin (2 x 400 pg/kg s.c.),
or carbachol (2 x 40 pg/kg s.c.).

EVALUATION

The volume of the collected gastric juice is measured.
Acid concentration is measured by titration against
100 mM NaOH to an endpoint of pH 7. Total acid
output (mmol H*/3 h) is calculated, and percent inhi-
bition of the treated rat group is calculated against the
control group. Using various doses, dose-response
curves can be established for gastric acid secretion.
ID5o values can be calculated by probit analysis,
whereby 0% corresponds to no and 100% to maximal
stimulated gastric acid output.

CRITICAL ASSESSMENT OF THE METHOD
The pylorus-ligated rat has been proven to be
a valuable method to evaluate the secretory (vs basal
secretion) as well as the antisecretory potential (vs
stimulation with histamine, gastrin, or carbachol) of
a candidate compound with various secretory or
antisecretory mechanisms of action.

For the safety pharmacological evaluation, this
method allows the administration of necessary high
doses by i.d. or i.p. administration probably as suspen-
sion (methylcellulose) irrespective of solubility issues
of the candidate compound.
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7.2.2.2 Gastric Acid Secretion in Anesthetized
Stomach-Lumen Perfused Rats

PURPOSE AND RATIONALE

Originally, Gosh and Schild (1958) introduced
a method for the continuous recording of gastric acid
secretion in the stomach-lumen perfused anesthetized
rat. In this model, gastric acid secretion can be stimu-
lated by histamine, carbachol, or gastrin. Candidate
compounds can be pharmacologically characterized
for their gastric acid antisecretory potential during
stimulated gastric acid secretion.

histamine

A.W. Herling

PROCEDURE
and Schild 1958)
Gastric acid secretion in anesthetized rats with a body
weight of 300-350 g is used. The animals are fasted for
18 h prior to the experiment with free access to water.
Anesthesia is induced by ketamine (20 mg/kg) plus
pentobarbital (priming bolus 60 mg/kg i.p. plus infu-
sion s.c. at about 20 mg/kg/h for maintaining constant
anesthesia). Body temperature is artificially stabilized
by means of a rectal thermometer and a heating pad.
The trachea is exposed and cannulated for artificial
respiration. The jugular veins are then exposed and
cannulated with polyethylene tubes beveled at the tip.
The abdomen is opened through a midline incision.
The esophagus and pylorus are ligated, and a double
lumen perfusion cannula is inserted and fixed in the
forestomach. The stomach is perfused continuously
with warm (37°C) saline at a rate of 1 mL/min.
The perfusate is collected at 15-min periods and its
acid concentration measured. Histamine (10 mg/kg/h),
desglugastrin (100 pg/kg/h), or carbachol (30 pg/kg/h)
are administered by i.v. infusion into the jugular vein
after a basal period of 45 min. Ninety minutes after the
onset of the secretagogue infusion, acid output has
reached a stable plateau (Fig. 7.1). As soon as acid
secretion has reached a plateau, candidate compound
or standard is injected intravenously.

(MODIFIED AFTER Gosh

EVALUATION

The perfusate is collected at 15-min periods, and its
acid concentration measured by titration against
100 mM NaOH to an endpoint of pH 7 and acid output
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(umol H*/15 min) are calculated. Using various doses
of the candidate compound and of a standard, dose-
response curves can be established, and activity ratios
with confidence limits can be calculated.

CRITICAL ASSESSMENT OF THE METHOD

For the specific pharmacological assessment of inhibi-
tors of gastric acid secretion, like Hp-blockers, anticho-
linergics, H*/K*-ATPase inhibitors, this method reveals
valid results with respect to the antisecretory potential
of the candidate compound. Limitations of this
methods with respect to safety pharmacological assess-
ment of candidate compounds are (1) only parenteral
administration of the candidate compound, preferen-
tially i.v., is feasible and should be preferred and
(2) only antisecretory putative side effects can be inves-
tigated; this method is of limited relevance to study
secretory side effect potential of candidate compounds.

For safety pharmacological assessment of
a candidate compound with a totally different inherent
primary indication, its antisecretory potential at
suprapharmacological doses has to be studied. There-
fore, whether this method can be used for the safety
evaluation depends on the solubility of the candidate
compound for i.v. administration of suprapharma-
cological doses.

As different pathways of stimulation are exclu-
sively initiated by histamine, gastrin, or carbachol, it
is possible to estimate the potential interaction of the
candidate compound with the secretory pathways of
acid secretion (Herling and Weidmann 1996): Candi-
date compounds affecting:

1. The Hj-receptor inhibit histamine- and gastrin-
stimulated gastric acid secretion.

2. The gastrin receptor inhibit only gastrin-stimulated
gastric acid secretion.

3. The muscarinic receptor inhibit only carbachol-
stimulated gastric acid secretion.

4. Carboanhydrase activity inhibit gastric acid secre-
tion, irrespective of the kind of stimulation.

5. H"/K*-ATPase (gastric proton pump) inhibit gas-
tric acid secretion, irrespective of the kind of
stimulation.

MODIFICATIONS OF THE METHOD

Burn et al. (1952) described the evaluation of sub-
stances, which affect gastric secretion using perfusion
of the stomach in anesthetized cats.
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Lawrence and Smith (1974) described the measure-
ment of gastric acid secretion in the rat by conductiv-
ity. The stomach of an anesthetized rat is continuously
perfused with 2 mL/min of an isotonic (0.308 M) glu-
cose solution at 37°C. The conductance of a solution
depends on the total ion concentration and is therefore
not specific for hydrogen ions. Since hydrogen ions
have an equivalent conductance nearly five times
greater than any other ion found in gastric juice and
since they are secreted in a far greater concentration
than other ions, conductivity measurements can be
regarded as a relatively specific measure of hydrogen
ions. Using Mullard conductivity cells (type E 791/B)
and a commercially available meter (Phillips PW 9501),
simultaneous measurements in six rats were performed.

Gallo-Torres et al. (1979) described in detail
a method for the bioassay of antisecretory activity in
the conscious rat with acute gastric fistula with addi-
tional collection of the biliary and pancreatic secretion
by means of a catheter in the common bile duct.
The gastric secretions are collected by gravity via
a cannula in the most gravity-dependent site of the
glandular stomach.

Larsson et al. (1983) described studies in the acutely
vagotomized rat. Truncal vagotomy is performed
under ether anesthesia by cutting the dorsal and ventral
branches of nervus vagus just below the diaphragm.
The pylorus is then ligated, and a polyethylene catheter
(PP 200) is inserted into the duodenum, close to the
pylorus. Each animal is placed in a modified Bollman
cage and is allowed to recover at least 1 h before the
experiment. Gastric juice is collected by free drainage
in 30 min samples.

Herling and Bickel (1986) showed that gastric
acid secretion in stomach-lumen perfused rats can
be stimulated in vivo on the subreceptor level by
IBMX (phosphodiesterase inhibitor) and forskolin
(nonreceptor activation of the adenylate cyclase).
H*/K™-ATPase inhibitors and H,-antagonists show,
according to their different modes of action, also
a different inhibitory profile in this assay.

Hammer et al. (1992) used anesthetized female
Sprague-Dawley rats weighing 200-320 g. After inser-
tion of a tracheal cannula, a 3-mm silicon tubing is
placed through the mouth and advanced to the stom-
ach. The tubing is tied to the esophagus at the neck.
A 4-mm drainage tube is inserted into the stomach
through a laparotomy incision and an incision in
the duodenum and ligated in place at the pylorus.
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Gastric perfusate (0.9% saline at 37°C) is collected on
ice every 5 min for titration to pH 7.0.
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7.2.2.3 Gastric Acid Secretion in Conscious
Dogs (Chronic Heidenhain-Pouch
Fistula in Dogs)

PURPOSE AND RATIONALE
ICH-guideline S7A (2001: Sect. 2) recommended the
use of unanesthetized animals for the safety
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pharmacological assessment of candidate compounds.
The preparation of a chronic gastric pouch, as
described by Heidenhain in 1878, is one of the classic
techniques in experimental surgery. This model has
much contributed to the understanding of the physiol-
ogy and pathology of the stomach and to modern
techniques of abdominal surgery in man. The surgical
technique has been described again in detail by deVito
and Harkins (1957). A preparation of chronic dener-
vated pouches in the rat has been described by Alphin
and Lin (1959). Both preparations can be used as
pharmacological models for testing antisecretory
drugs.

PROCEDURE

The principle technique is demonstrated in Fig. 7.2.
Dogs weighing 15-20 kg are fasted 24 h preopera-
tively. The abdominal surgery is performed during
appropriate anesthesia (in former times by, e.g.,
30 mg/kg pentobarbital sodium; nowadays, more
appropriate by inhalation with halothane or isoflurane).
The abdominal part is shaved with electric clippers,
then with a razor. The skin is disinfected with a surface
disinfectant (e.g., Zephiran®-70% alcohol). Sterile
drapes are applied to cover the whole surgical field.
A midline linea alba incision from xiphoid to umbili-
cus provides excellent exposure and ease for closure.
As the posterior sheath is divided, the large ventral fat
pad present in dogs should be excised completely.
A self-retaining retractor is applied, and the stomach
is palpated for the absence of food. Then, the spleen is
displaced, wrapped in warm, moist pads and laid on the
ventral wall below the incision.

The stomach is pulled into the operative field. The
greater curvature is held at multiple points so that the
stomach is stretched out and the line of incision for
the pouch is selected. The pouch should be made
from the corpus of the stomach so that true parietal
cell juice can be obtained. A line projected from the
incisura angularis perpendicular to the proximal lesser
curvature will generally fall across the junction
between corpus and antrum. Appropriate division of
the gastric branches of the right gastroepiploic artery
at the lower end of the proposed line of transsection
clears the greater curvature for 1-2 cm. The
gastroepiploic artery itself should be sectioned at this
site and a long rent formed on the adjacent omentum,
else the omentum vessels tend to tear during subse-
quent manipulations.
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Fig. 7.2 Technique of
Heidenhain-pouch fistula in
dogs

Pylorus

Duodenum —|

An index finger is then inserted through this defect
dorsal to the stomach to emerge higher on the greater
curvature through the gastrosplenic ligament at the
upper end of the proposed line of transsection. This
portion of the greater curve is cleared for 1-2 cm. Von
Petz clamps with their staplings are used to control
bleeding and to avoid leakage of gastric content. The
stomach should be kept stretched and flattened while
the clamps are applied. After division between the
staples, any bleeding is controlled, and the cut edges
of the main stomach and pouch are then oversewn with
continuous sutures of black silk. The suture should be
of an inverting type. Surprisingly, leakage or excessive
adhesions are not a problem when serosal apposition is
neglected.

The pouch so formed is about 30% of the corpus
volume and provides adequate secretory volume for
further studies (Fig. 7.2). A cannula, made of stainless
steel, 7 cm long with a beveled flange threaded at the
other end is placed in the most ventral portion of the
pouch through a small incision in the anterior wall.
A single purse string of silk holds it in place. A double
sheet of omentum is then wrapped about the pouch
and the cannula before being pulled through the
abdominal wall, about 3 cm to the left of the midline
subcostally. It is important that the cannula be held
snugly by fascia; otherwise, it will readily pull out of
the pouch and abdominal wall. The linea alba is closed
with a continuous suture of silk and the skin with
subcuticular stitches of chromic catgut. On the outside
of the cannula, a stainless steel jacket is screwed.
The cannula is always open so that secreted gastric
juice does not accumulate within but is drained from
the pouch.

Oesophagus
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Before recovery from anesthesia, the dog receives
500 mL 5% glucose in saline intravenously. The same
volume is given for 3 days postoperatively together
with oral fluid ad libitum. From the fourth day onward,
normal food is given. A period of 7-10 days is required
for full recovery from the operation. Special care has to
be taken for each animal being kept separately in
a suitable cage.

For pharmacological studies, food is withdrawn 18 h
prior to the experiment with water ad libitum. The
animals are placed in Pawlow stands during the exper-
iment of gastric secretion measurement, and a tube is
fitted to the cannula to collect the gastric juice from the
pouch for measurement of volume and acidity by titra-
tion. To test the secretory potential of a candidate com-
pound, which might represent a direct safety concern,
the candidate compound is studied under basal
(nonstimulated conditions) and administered orally or
by i.v. injection or infusion, and the gastric acid secre-
tion from the pouch is measured in intervals of 15 or
30 min. The values are compared to the predrug secre-
tion values and to a respective control group.

For testing the antisecretory potential, gastric acid
secretion is stimulated either by i.v. infusions of hista-
mine (0.1 mg/kg/h), carbachol (10 pg/kg/h), or
pentagastrin (8 pg/kg/h). When stimulated gastric
acid secretion has reached a stable plateau (after
1.5 h), the candidate compound is administered orally
or by i.v. injection, and secreted fluid is collected at 15-
or 30-min intervals and analyzed for free HCI.

EVALUATION
The secreted volume per time interval is measured.
An aliquot is used for the determination of acidity by



206

titration against 100 mmol/L. NaOH, and total acid
output per time interval is calculated. The effect on
volume and HCI secretion at 15- or 30-min intervals
after administration of the test compound is compared
with the control values. Mean inhibition of stimulated
gastric acid secretion can be calculated according to
the formula:

_ SAOpostdrug
Mean inhibition (%) = — (((AON”W) * 100) - 100>
predrug

SAOpostarug = sum of acid output per 30 min after
compound administration
Npostarug = number of 30 min collection intervals after
compound administration
AOpearng = acid  output
administration
In addition to the total acidity of the secreted juice
also pepsin, total activity can be determined by appro-
priate enzymatic methods.

prior  compound

MODIFICATIONS OF THE METHOD
Boldyreff (1925) described a simplified method for
isolation of a portion of the stomach as compared to
the original method of Heidenhain (1878).

Gastric motility can be measured by balloon
manometry of the Heidenhain pouch in the conscious
dog. The animals are deprived of food for 18 h before
the experiment, but water is allowed ad libitum.
A latex balloon, connected via a polyethylene catheter
to a pressure transducer (Statham P 23 BB), is intro-
duced through the fistula cannula into the accessory
stomach. Changes in intragastric pressure are mea-
sured on a frequency measurement bridge and are
recorded continuously. The number and height of the
pressure waves are used as indices of gastric motor
activity. Secretin inhibits gastric motility dose depen-
dently. After injection of gastrin or gastrin analogues,
a dose-dependent increase of pressure is noted over
a wide dose range.

Jacobson et al. (1966, 1967) studied gastric secre-
tion in relation to mucosal blood flow by an antipyrine
clearance technique in conscious dogs with vagally
denervated gastric fundic (Heidenhain) pouches.
A vagally denervated fundic pouch is so constructed
that the entire arterial blood supply is delivered by the
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splenic artery. A noncannulating transducer (electro-

magnetic flowmeter) and a hydraulic occluder were

implanted on the vessel.

The Heidenhain pouch preparation was used by
Carter and Grossman (1978) and Kauffman et al.
(1980) to study the effect of luminal pH on acid secre-
tion evoked by topical and parenteral stimulants and
the effect of topical and intravenous 16,16-dimethyl
prostaglandin E, on gastric bicarbonate secretion.

Baker (1979) and Roszkowski et al. (1986) devel-
oped a modified Heidenhain dog pouch preparation
for collecting gastric juice exclusively from the
pouch during experimental periods but allowed
the pouch to be an integral part of the gastrointestinal
tract during nonexperimental periods. The pouch is
prepared using conventional techniques, but instead
of being fitted with a simple cannula through the
abdominal wall, a three-way cannula is used which
provides passage between the exterior orifice, the
pouch, and the main body of the stomach. By
inserting an appropriate adapter, passage is available
only to the pouch and not to the main stomach or
vice versa.

The Heidenhain pouch technique in dogs has been
used for preclinical evaluation of various drugs, such
as:

* A histamine H, antagonist by Uchida et al. (1993).

¢ Dual histamine H,- and gastrin-receptor antagonists

by Kawanishi et al. (1997).

e A 5-HTj4-receptor antagonist by Bingham et al.
(1995).

* Another 5-HT,-receptor antagonist by Wardle et al.
(1996).

 Inhibition of motilin-induced phase III contractions
by pentagastrin by Yamamoto et al. (1994).

» Peptide YY by Zai et al. (1996).

« Reversible K*-competitive inhibitors of the gastric
H*/K*-ATPase by Parsons et al. (1995).

e The antiulcer agent SWR-215 by Kataoka et al.
(1997).

e A selective gastrin-/CCK-B-receptor antagonist by
Yuki et al. (1997).

e Descroix-Vagne et al. (1993) used Heidenhain
pouch preparations in cats and rabbits to study the
effect of perfusion at pH 5.5 on acid and pepsin
secretion.

» For identification of the KCNQI1 protein as the K*-
channel colocalized with the H/K*-ATPase at the
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apical membrane of the gastric parietal by studying
the gastric acid inhibitory potential of the tool
compound 293B (inhibitor of KCNQI1) cell by
Grahammer et al. (2001).

CRITICAL ASSESSMENT OF THE METHOD
Due to the surgical procedure, the connections of the
autonomic nervous system of the isolated pouch are
interrupted from those of the main stomach. Therefore,
basal gastric acid secretion from the pouch, which based
mainly on the parasympathetic activity, is reduced.
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7.2.2.4 Effect of Candidate Compounds with
Antisecretory Potential on Serum
Gastrin Levels

PURPOSE AND RATIONALE

It is known from long-lasting and potent gastric acid
inhibition caused, e.g., by the H/K*-ATPase inhibitor
omeprazole that the total acid blockade initiates a gastric
antral feedback mechanism resulting in an excessive
hypergastrinemia (Arnold et al. 1986; Creutzfeldt et al.
1986; Larsson et al. 1986) which is believed to cause
diffuse endocrine cell hyperplasia, characterized as car-
cinoids, in the gastric corpus after 2 years of treatment
(cancerogenicity study) in the rat (Ekman et al. 1985).

PROCEDURE

Groups of 10-15 rats weighing 90-110 g are treated
daily for 10 weeks with the candidate compound
(omeprazole as standard at doses of 10 or 30 mg/kg
p-o.). After treatment for 2, 4, 7, and 10 weeks, blood
samples are collected under ether anesthesia by
retroorbital puncture. Gastrin is determined by
a commercially available radioimmunoassay kit. At
the end of the study of 10 weeks, the animals are
studied for their gastric acid output using the pylorus
ligation (Shay technique).

EVALUATION

Serum gastrin levels are determined as pg/mL. Statis-
tical differences (p <0.05) are calculated using appro-
priate statistical methods.

MODIFICATIONS OF THE METHOD

Katz et al. (1987) described a 5-day test to predict the
long-term effects of gastric antisecretory agents on
serum gastrin in rats.
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7.2.3 Bile Secretion
7.2.3.1 Bile Secretion in Mice

PURPOSE AND RATIONALE

The effect on bile secretion of a candidate compound
can be studied in mice by weighing the gall bladder
filled with bile. This simple method was first published
by Litvinchuk (1976). With respect to the safety
assessment of candidate compounds, a decreased bile
secretion (compound-induced cholestasis) predomi-
nantly represents a safety issue.

PROCEDURE

Groups of ten mice weighing 15-20 g are used. Food,
but not water, is withdrawn 24 h prior to the experi-
ment. The test compound or the control solution is
administered subcutaneously or orally. After 1 h, the
animals are sacrificed and bled from the carotid artery.
Laparotomy is performed, the liver exposed, and a no.
75 silk ligature is tied around the cystic duct, which is
detached from the bile ducts and removed from the
peritoneal cavity. If a large volume of bile has been
accumulated, the full gall bladder is removed together
with the bile ducts. The isolated gall bladder is
weighed on a suitable balance; after which the contents
are removed, the gall bladder walls are washed with
distilled water and dried on filter paper, and the organ
is weighed again. The difference in weight of the full
and the empty gall bladder indicates the quantity of
bile secreted during a measured time. The concentra-
tion of cholates, bilirubin, and cholesterol in the bile
can be determined.

EVALUATION

The average of secreted bile in groups of ten treated
mice is compared with the average value of the control
group using appropriate statistical methods.
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CRITICAL ASSESSMENT OF THE METHOD

The method has the clear advantage of simplicity but
does not measure the true bile excretion since the outflow
from the bile bladder during the test period is neglected.

MODIFICATIONS OF THE METHOD

Sterczer et al. (1996) studied the effect of cholagogues
on the volume of the gallbladder in healthy dogs fasted
for 24 h by two-dimensional ultrasonography. The
volume was measured immediately before the admin-
istration of each test substance and at 10-min intervals
for 120 min thereafter.
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7.2.3.2 Bile Secretion in Anesthetized Rats

PURPOSE AND RATIONALE

In contrast to other animals, rats do not possess a bile
bladder. Therefore, cannulation of the bile duct in rats
can be used as a suitable model to measure choleretic
(increased bile production) or cholestatic (decreased
bile production) side effect potential of drug candi-
dates. If the test compound reduces bile production, it
is recommended to investigate a putative
hyperlipidemic side effect potential of the drug candi-
date by its influence on total blood cholesterol and
triglycerides in appropriate experimental methods.

In addition, this method of the bile fistula rat can be
used for ADME profiling of drug candidates with
respect to a hepatobiliary elimination potential (high
first-pass effect) (Herling et al. 2002).

PROCEDURE
Bile secretion is studied in anesthetized bile fistula rats,
which are anesthetized by an intraperitoneal injection
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of ketamine (20 mg/kg) plus pentobarbital sodium
(60 mg/kg), tracheotomized, and one jugular vein per
rat is cannulated for intravenous administration (bolus
injection or infusion of the drug candidate). Anesthesia
is maintained for up to 7 h by subcutaneous infusion of
pentobarbital sodium (adjusted to the anesthetic depth
of the individual animal; about 24 mg/kg/h). Body
temperature is monitored with a rectal probe thermom-
eter, and temperature is maintained at 37°C by means
of a heated surgical plate.

After laparotomy, the common bile duct is cannu-
lated in the upper half with polyethylene tubing, and
bile is collected every 30 min up to 7 h. The drug
candidate is administered at an appropriate dose by
bolus injections intravenously into the jugular vein
1 h after finishing surgery or by intraperitoneal admin-
istration of a 1% carboxymethylcellulose suspension,
if not adequate soluble for an intravenous formulation.
The volume of excreted bile per 30 min is determined
gravimetrically (difference between tube weight with-
out and with bile per collection period) with the
assumption that 1 g is equivalent to 1 mL of bile.
According to our experience, bile flow is stable for
up to 3 h (200-300 pL/30 min) and can decline later
due to the interruption of the enterohepatic circulation
of bile acids; if not, the secreted bile is reinjected into
the ileum.

For ADME purposes, the concentration of the par-
ent test compound in the bile is measured by appropri-
ate analytical methods, and total compound excretion
is calculated from the secreted volume and the mea-
sured concentration of the test compound in the bile of
each sampling interval.

For determination of the side effect potential of
a candidate compound on choleresis or cholestasis,
groups of at least six rats are used for control (vehicle
control) and treated groups (rats receiving one dose of
the test compound per group). For ADME purposes,
smaller groups are sufficient (n = 3—4) to determine
hepatobiliary elimination of the test compound. Ide-
ally, the analytical method includes the determination
of major metabolites appearing in the bile.

EVALUATION

Mean values (puL bile/30 min) for each group are
calculated and compared to that of the control group.
If bile flow is affected by the test compound detailed
analysis of the bile with respect to cholesterol, bile
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acids and phospholipids should be performed to eluci-
date the underlying mechanism.

For ADME purposes, the amount of hepatobiliary-
eliminated compound plus metabolites are calculated
per collecting interval, and total excreted amount over
the whole experiment can be calculated and can be set
into relation to the total administered dose per animal.

MODIFICATIONS OF THE METHOD

Several authors tested the choleretic activity of plant
extracts and essential oils (De la Puerta et al. 1993;
Peana et al. 1994; Trabace et al. 1994) and of synthetic
compounds (Grella et al. 1992; Paglietti et al. 1994)
in rats.

Tripodi et al. (1993) investigated the antichole-
lithogenic and choleretic activities of taurohyo-
deoxycholic acid by measurement of biliary flow and
biliary solids content in rats.

Bouchard et al. (1993) induced cholestasis in rats by
treatment with 17-a-ethinyl estradiol and studied the
influence of oral treatment with ursodeoxycholic and
tauroursodeoxycholic acids.

Miki et al. (1993) investigated the metabolism and
the choleretic activity of homochenodeoxycholic acid
in hamsters with bile fistula.

Pesson et al. (1959) recommended the guinea pig as
the best choice among the common laboratory animals
to study choleretic agents.

Matsumura et al. (1996) analyzed hypercholeresis
in dogs with pigment gallstones after cholate infusion.

CRITICAL ASSESSMENT OF THE METHOD
The method is simple and provides reliable results during
terminal anesthetized conditions. Intraduodenal admin-
istration of the test compound, which is also reported in
the literature, should be avoided due to the fact that
intestinal absorption is obviously impaired during the
reduced intestinal motility during anesthesia. The
interrupted enterohepatic circulation should be taken
into account when extrapolating the results (choleretic
and cholestatic potential) to the intact organism.
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7.2.3.3 Bile Secretion in Conscious Rats
(Chronic Bile Fistula Rats)

PURPOSE AND RATIONALE

ICH-guideline S7A (2001: Sect. 2) recommended the
use of unanesthetized animals for the safety pharma-
cological assessment of candidate compounds. Most
of the techniques for collection of bile in rats use
restrained or anesthetized animals. Such factors as
well as the surgical intervention itself may pro-
foundly influence the results. Therefore, Remie
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et al. (1990, 1991) developed a technique for
a permanent double bile fistula in rats. The procedure
is described in detail.

PROCEDURE

Preparation of Cannulae

Cannulae are made of silicon rubber. The proximal bile
cannula, which will be inserted into the common
bile duct in the direction to the liver, is 18 cm long
(e.g., Silastic tubing, Dow Corning, no. 605—-135; 0.51
i.d. and 0.94 o.d.) and has one square cut and one
beveled end. Two silicon rings are wrapped around
the cannula at 7 mm and 50 mm, respectively, from
the beveled end.

The distal bile cannula, which will be inserted into
the common bile duct in the direction of the gut, is
made of the same material, is also 18 cm long and
has one square cut and one beveled end. This can-
nula, however, must have a smaller tip diameter
(e.g., Silastic tubing, Dow Corning, no. 605-105:
0.31 i.d. and 0.64 o.d.). To serve this purpose, the
square cut end of the cannula is immersed in ether,
causing the tubing to dilate. When the tubing is wide
enough, a 13-mm piece of small diameter Silastic
tubing is inserted. Subsequently, two silicon rings
are wrapped around the cannula, one at the joint
of the two tubes and the other 5 cm from the tip.
The tip is then cut at a 45° angle, 7 mm from the first
silicon ring.

The duodenal cannula (Silastic tubing, Dow
Corning, no. 605-135) is also 18 cm long and has
one square and one beveled end. An additional ring is
placed 30 mm from the tip. Before the cannulae are
fixed to the skull, they must be connected to a stainless
steel needle bent in a 90° angle.

Anesthesia
The animal is anesthetized by inhalation with
isoflurane or halothane/N,O/O,.

Preparation of the Crown of the Head

The head of the animal is shaved and disinfected.
An incision of about 1 cm is made and the bregma
exposed. Three stainless steel screws (1.0 x 4.2 mm)
are mounted in the crown, two in the left and one on the
right side of the bregma. The screws are tightened that
approximately 2 mm is left between the skull and the
head of the screws.
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Double Cannulation of the Bile Duct

The abdominal wall is shaved and disinfected, and the
animal is secured on the operation board with adhesive
tape. A midline incision is made from the level of the
pubic bones to the xiphoid cartilage. The abdomen is
then opened by making an incision over the linea alba
toward the sternum up to the distal part of the fourth
sternebra, thus exposing the xiphoid cartilage.

Then, the intestines are lifted out and are laid next
to the animal on moistened gauze. Using jeweler’s
forceps, the bile duct is stripped off its surrounding
tissue and ligated with a 7-0 suture. The duct is placed
under tension with an artery forceps for cannulation.
With the aid of a microscope, a V-shaped hole is made
just cranial of the first ligature with iridectomy scis-
sors. The sterile proximal cannula is inserted into
the duct. The second ligature is tied and pulled tight
ensuring that the cannula is not obstructed. The bile is
now flowing into the cannula. The first ligature is
released and the threads are tied behind the silicon
ring. The rat is then turned and the ligature reclamped,
thereby putting the distal part of the duct under tension.
A third ligature is loosely introduced around the duct,
distal to the first ligature. Another V-shaped aperture is
made between the first and third ligature for insertion
of the distal bile cannula. The third ligature is tied
and pulled tight. The first ligature is released from the
artery forceps and tied around the second cannula
behind the silicon ring. All the loose threats are cut
close to the knots. The sections of the cannulae, which
lie between the silicon rings, are placed kink-free in
the abdominal cavity. The cannulae are fixed using 7-0
silk suture to the abdominal muscle near the xiphoid
cartilage.

Cannulation of the Duodenum

After location of the place where the bile duct enters
the duodenum (sphincter of Oddi), a four fine-stitch
purse-string suture (7-0) is made in the wall of the
duodenum at the outer border at about 1 cm proximal
to the sphincter. Using a 20G needle, an incision is
made inside the purse string. The cannula is inserted
into the duodenum until the first, smaller silicon ring
has entered the lumen, and the purse string is tightened
between the first and the second ring. This cannula
together with the bile cannula is placed kink-free in
the abdominal cavity and anchored to the internal
muscle. The abdomen is closed of resorbable sutures
leaving 1 cm of the skin unclosed.
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Subcutaneous Tunneling and Anchoring

of the Cannulae

From the back of the neck, a slender needle holder is
pushed subcutaneously through the connective tissue
in caudal direction as near as possible to the skin down
to the xiphoid cartilage. The cannulae are then grasped
and pulled through to emerge at the crown of the head.
The abdominal wall is closed completely.

With a 5-cm piece of polyethylene tubing (0.75 x
1.45 mm), the two long ends of the L-shaped stainless
steel adapters are connected and the short ends inserted
into the respective cannulae. The cannulae together
with the tubing are fixed to the skull with acrylic glue
flowing under the heads of the screws.

Postoperative Care

The animals are allowed to recover in a warm and quiet
place. They reach usually preoperative weight within
2-3 days and display normal feeding and drinking
behavior. Supplementation with saline besides the nor-
mal tap water may be necessary.

Collection of Bile

The animals are housed in individual metabolic cages.
For bile collection, they are attached to long-swiveled
PE cannulae (0.75 x 1.45 mm). A stainless steel coil is
used to protect the rats from gnawing on the tubing. For
continuous collection of bile, the cannula can be
connected to a fraction collector.

CRITICAL ASSESSMENT OF THE METHOD
Among other applications, the method is suited to
study the enterohepatic circulation of compounds.
There should be a close health monitoring of the chron-
ically prepared rats, and only those in a very good
health conditions should be used for the study to
avoid any misinterpretations of the results.

MODIFICATIONS OF THE METHOD
Castilho et al. (1990) studied the intestinal mucosal
cholesterol synthesis in rats using a chronic bile duct-
ureter fistula model. Male Wistar rats weighing
300-350 g were anesthetized with 50 mg/kg pentobar-
bital i.p. and submitted to a bile duct-right ureter fistula
utilizing a PE-50 catheter after a right-kidney
nephrectomy.

Cohen et al. (1992) reported a study in male black-
tailed prairie dogs (Cynomys ludovicianus) weighing
1.0 + 0.2 kg anesthetized with 20 mg/kg xylazine i.m.
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and 20 min later with 100 mg/kg ketamine i.m.
Through an abdominal incision, the cystic duct is
ligated, and gallbladder bile is aspirated. A PE-50
polyethylene cannula is inserted into the common
bile duct and secured with silk sutures, thereby
completely diverting bile flow for collection. The bile
duct cannula is externalized, the abdominal incision
closed, and the prairie dog placed in a restraining cage
with access to food and water.
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7.2.3.4 Bile Secretion in Conscious Dogs
(Chronic Bile Fistula in Dogs)

PURPOSE AND RATIONALE

ICH-guideline S7A (2001: Sect. 2) recommended the
use of unanesthetized animals for the safety pharma-
cological assessment of candidate compounds. Herrera
et al. (1968) described a special cannula, which can be
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used to obtain bile or pancreatic juice from a duodenal
pouch after appropriate surgical procedures in con-
scious dogs.

PROCEDURE

Male Beagle dogs weighing 15-20 kg are used. The
abdominal surgery is performed during appropriate
anesthesia (in former times by, e.g., 30 mg/kg pento-
barbital sodium; nowadays, more appropriate by inha-
lation with halothane or isoflurane). The abdomen is
opened through a midline epigastric incision. The duo-
denum is mobilized at the pyloric and jejunal ends, and
a 5-cm duodenal segment containing the common
bile duct is isolated. The distal stoma of the duodenum
is closed and continuity restored by end-to-side
duodenojejunostomy. The duodenal pouch is closed
at both ends.

The cannula to be inserted is made of stainless steel
and consists of three parts. The main casement mea-
sures 10.5 cm in length, with an external diameter of
1.0 cm. The internal end is flanged, and 1.5 cm from
this point, there is a short lateral limb, also 1.5 cm in
length. The lateral limb is also flanged but, in addition,
possesses a small V-shaped defect to facilitate inser-
tion into the pouch. When not in use, the cannula is
sealed from the exterior by inserting a threaded plug
which allows bile to enter the duodenum in the normal
manner. For collection of bile, this plug is removed and
a long obturator is inserted. The latter effectively iso-
lates the bile secretion from duodenal contents.
A similar hollow obturator is reserved for use when
duodenal perfusion is studied, the obturator being
connected via a plastic tube to the irrigating fluid.

Through a small antimesenteric incision in the duo-
denal pouch, the lateral limb of the cannula is inserted;
the V-shaped defect in the flange facilitates entry into
the pouch. A purse string secures the cannula in posi-
tion. The defunctioned loop of duodenum is then
brought anterior to the pancreas, and the remaining
limb of the cannula inserted through a small
duodenotomy and secured by a further purse-string
suture. The whole system is then generously wrapped
in omentum, and the cannula exteriorized through
a stab incision toward the flank. An external collar
stabilizes the cannula. The cannula is left open to
drain blood and secretions for 24 h postoperatively,
after which time the plug is inserted. Physiologic saline
is administered subcutaneously for a period of 3 days,
after which the animals are permitted to drink water.
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Daily checks of the cannula are advisable to ensure that
the plug remains tight. The animals receive normal
kennel food and water ad libitum.

The dogs are allowed at least 4 weeks to recover.
Eighteen hours prior to the experiment, food is with-
drawn but water allowed ad libitum. The long hollow
obturator is inserted and bile collected for 15-min
periods. After 1 h pretest time, the test compound is
given either orally or intravenously.

EVALUATION

Secretion of bile is measured at 15-min intervals, and
volume and bile contents are determined from 1-mL
samples. The values are compared with pretest data.
The remaining bile is reinfused into the duodenum via
the hollow obturator.

MODIFICATIONS OF THE METHOD

Boldyreff (1925) described several techniques for fis-
tulae of the gall bladder and also for the fistula of the
ductus choledochus in dogs.

An abdominal incision about 10 cm is made on the
median line. The duodenum is pulled out, and the
orifice of the large (first) pancreatic duct is found.
The orifice of the ductus choledochus with the orifice
of the small (second) pancreatic duct is situated on the
other side of the intestine some 2 or 3 cm nearer the
stomach. The ductus choledochus goes straight from
the gallbladder to the duodenum; further, it lies parallel
its end and is attached to the wall of the duodenum. The
small pancreatic duct goes from the gland straight to
the duodenum.

At the very beginning of the operation, it is useful to
cut the ligamentum that goes from the liver to the
duodenum, because this facilitates orientation and
operating. It is necessary to cut out a piece of the
intestinal wall with the orifice of the ductus
choledochus. But before this, one must prepare off
a little bit the intestine from the pancreas so as to be
able to close conveniently and securely the hole in the
intestine and divide between double ligatures the sec-
ond pancreatic duct.

On the duodenum around the orifice of the ductus
choledochus, an incomplete oval figure is now marked
with a knife, so that the duct enters this figure through
the incomplete part of the oval and has its orifice in the
middle of this figure. The length of the oval is about
1.5 cm and its width 1 cm. A suture is then made on the
edge of this oval, which is cut out not completely but
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leaving a small bridge about 0.5 cm wide between the
intestine and the oval; through the bridge, the duct
enters the oval. The mucosa of this bridge must be
completely destroyed with a knife.

The oval piece of the intestine is now turned with
the mucosa up, and its serosa is sutured to the serosa of
the intestine. The hole in the intestine is very carefully
closed with two layers of sutures. Two heavy threads
are then passed underneath the intestine on either side
of the place of operation; they are laid through the
abdominal wall and tied after the operation is over.
They serve as temporary supporting sutures. The oval
piece of the intestine is now sutured with the skin of the
abdominal wound, and the wound is closed in the usual
manner. The supporting sutures must be taken out
1 day or 2 days after the operation.

CRITICAL ASSESSMENT OF THE METHOD
There should be a close health monitoring of the chron-
ically prepared dogs, and only those in a very good
health conditions should be used for the study to avoid
any misinterpretations of the results.
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7.2.4 Exocrine Pancreatic Secretion

7.2.4.1 Exocrine Pancreatic Secretion in
Anesthetized Rats

PURPOSE AND RATIONALE

The effect of a candidate compound on pancreas secre-
tion can be measured in rats with acute pancreas fistula.
For safety pharmacological assessment of candidate
compounds, the decrease of exocrine pancreatic secre-
tion might be problematic due to the potential of induc-
tion of pancreatitis.

A.W. Herling

PROCEDURE

Rats weighing 150-200 g are used. Eighteen hours
prior to the experiment, food is withdrawn with free
access to water. The appropriate size of the study
groups for the control and candidate compound con-
sists of 5—7 animals. Anesthesia is induced by keta-
mine 20 mg/kg plus pentobarbital (priming bolus
60 mg/kg i.p. plus infusion s.c. at about 20 mg/kg/h).
Body temperature is artificially stabilized by means of
a rectal thermometer and a heating pad. The trachea is
exposed and cannulated for artificial respiration. The
abdomen is opened by a midline incision and the
pylorus is ligated. The proximal part of the bile duct
is ligated near the hepatic porta. The bile is drained via
a thin polyethylene tube into the duodenum. The distal
part of the bile duct with the orifices of pancreatic ducts
is cannulated with another thin polyethylene tube. The
pancreatic juice is collected in Eppendorf tubes, and
secreted volume is measured gravimetrically or by
graduated microsyringes every 15, 30, or 60 min.
After a pretest period of 60 min, the test compounds
are applied intravenously or intraduodenally.

EVALUATION

The secretion after injection of the test compound is
compared with the pretest values. Secretin or chole-
cystokinin (CCK) increases pancreatic secretion vol-
ume in a dose-dependent manner and can be used as
a positive standard.

MODIFICATIONS OF THE METHOD

Guan et al. (1990) inserted two separate cannulae for
bile and pancreatic juice to rats under methoxyfluorane
anesthesia. Both fluids were returned to the intestine.
Placing the rats in modified Bollman-type restraint
cages, experiments could be performed after a few
days in conscious animals.

Ito et al. (1994) studied the inhibition of CCK-8-
induced  pancreatic  amylase  secretion by
a cholecystokinin type-A-receptor antagonist in rats.

Niederau et al. (1989) compared the effects of
CCK-receptor antagonists on rat pancreatic secretion
in vivo. Output of amylase in pancreaticobiliary secre-
tion was measured after various doses of cerulein. The
effects of high cerulein doses were dose dependently
inhibited by CCK antagonists.

Alvarez and Lopez (1989) studied the effect of
alloxan diabetes on exocrine pancreatic secretion in
the anesthetized rabbit. After a 14—15 h fasting period,
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but with free access to water, rabbits weighing about
2.0 kg are anesthetized by intravenous injection of
1.0 g/kg urethane. After tracheotomy, a median lapa-
rotomy is performed; the main pancreatic duct is
exposed and cannulated near its entrance to the duode-
num following ligation of the pylorus and cannulation
of the bile duct for deviation of bile to the exterior.

Kim et al. (1993) studied the effect of [(CH,NH)
4,5] secretin on pancreatic exocrine secretion in guinea
pigs and rats using an acute pancreatic fistula
preparation.

Niederau et al. (1990) and Tachibana et al. (1996)
determined pancreatic exocrine secretion in mice.
Because the cannulation of mouse pancreatic duct is
not possible for technical reasons, the amount of amy-
lase was determined in vivo. Five minutes after i.v.
administration of candidate compounds, mice were
sacrificed and a 5 cm-duodenal loop was removed.
The duodenal contents were washed out with 1.0 mL
ice-cold saline and collected for amylase activity.
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7.2.4.2 Exocrine Pancreatic Secretion in
Anesthetized Dogs

PURPOSE AND RATIONALE

To collect pancreatic secretion in dogs, three animal
models have been developed: pancreatic fistulas, duo-
denal pouches (which collect the exocrine pancreatic
secretion), and duodenal fistulas (through which a thin
cannula is inserted into the pancreatic duct). With the
exception of acute studies in anesthetized animals,
pancreatic fistulas were used mainly during the first
half of the twentieth century and have rather historic
significance. The latter two methods, duodenal
pouches and duodenal fistulas, although originally
developed in the 1960s and 1940s, respectively, are
still in use today (Niebergall-Roth et al. 1997).

The duct system of the canine pancreas is different
from that of the human pancreas. In dogs, the main
duct is the accessory pancreatic duct (Ductus
pancreaticus minor). The pancreatic duct, which joins
the bile duct (Ductus pancreaticus major) and forms
the major duodenal papilla in man, is small and not
always present in dogs.

Here, the pancreatic fistula technique in anesthe-
tized dogs is described. The effect of exogenous hor-
mones, e.g., secretin or gastrin, or of vagal stimulation,
on exocrine pancreatic secretion can be measured in
anesthetized dogs with acute pancreatic fistulas.

PROCEDURE

Beagle dogs of either sex weighing 12-20 kg are used.
The animals are fasted for a 24-h period and then
anesthetized using appropriate anesthetics, e.g., inha-
lation with isoflurane, i.v. infusion with probufol, or
i.v. injection with ketamine plus pentobarbital sodium.
After opening the abdomen along the midline, the
pyloric sphincter is ligated and the common bile duct
cannulated to prevent the entry of acid chyme and bile
into the duodenum. The bile is allowed to drain. The
pancreas is gently exposed and the major pancreatic
duct ligated. A polyethylene tube of 2-mm diameter is
inserted into the minor pancreatic duct for collection of
the pancreatic juice. The left femoral vein is cannu-
lated for continuous infusion or i.v. injection.
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The pancreatic juice is collected in an ice bath in
a special tapered tube with fine calibrations for mea-
suring volumes of less than 1 mL.

At the end of each collection period, the volume is
recorded, and the bicarbonate content determined
titrimetrically. Furthermore, pancreatic enzymes,
such as amylase, are determined in the samples. Deter-
mination of protein concentrations in the pancreatic
juice can be used as endpoint since the total protein
concentration is proportional to the individual
enzymes (Keller et al. 1958). In a pretest period of
10 min, samples are collected every 2 min. Then, the
test compound is injected intravenously and the pan-
creatic juice is collected every 2 min.

At the end of the animal experiment, the dog is
euthanized by an overdose of barbiturate.

EVALUATION

The secretion after injection of the test compound is
compared with the pretest values. Secretin increases
pancreatic volume and bicarbonate secretion in a dose-
dependent manner and can be ideally used as reference
secretagogue.

MODIFICATIONS OF THE METHOD

Glad et al. (1996) tested the influence of gastrin-
releasing peptide on acid-induced secretin release and
pancreatobiliary and duodenal bicarbonate secretion in
Danish country strain pigs weighing between 22 and
30 kg. The animals, starved overnight with free access
to water, were premedicated with 4 mg/kg im
azaperone and with 5 mg/kg i.p. metomidate. After
20 min, a cannula was placed in an ear vein, and
5-10 mg/kg metomidate was given i.v. followed by
intubation and artificial respiration with 50% O, and
50% N,O. Anesthesia was maintained with an intrave-
nous bolus infusion of 0.53% chloralose.

Both external jugular veins were cannulated for
infusion of saline or drugs. A femoral artery was can-
nulated for withdrawal of blood samples and recording
of blood pressure. After laparotomy, the cystic duct
was ligated, and the common hepatic duct and the
pancreatic duct were catheterized. The duodenal seg-
ment was defined as extending from the pylorus to the
ligament of Treitz. A Foley catheter was passed
through the pylorus into the proximal part of the duo-
denum and inflated. Distal to the pylorus, the
pancreaticoduodenal arteries, veins, and nerves were
dissected, and a double ligature was passed under these
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structures and tied around the duodenum. At the liga-
ment of Treitz, an inflated Foley catheter was placed in
the distal part of the duodenum and tied with a suture
around the duodenum. A catheter was placed through
a splenic branch of the left gastroepiploic vein and
advanced through the lienal vein to the portal vein.

The flow of pancreatic juice and bile was tested
before and after the experiment by means of an intra-
venous bolus of 5 pmol/kg secretin. Before the exper-
iment, the duodenum was continuously perfused at
a rate of 2 mL/min for 435 min with isotonic saline
containing phenol red (10 mg/L) as a marker. After
drug treatment (intravenous infusion of gastrin-
releasing peptide or duodenal HCI perfusion), pancre-
atic and hepatic secretions were collected in 15-min
periods and the volumes were determined by weighing.
Duodenal effluents were collected in 15-min periods
and phenol red concentrations determined spectropho-
tometrically. Blood samples were withdrawn for deter-
mination of secretin by radioimmunoassay.
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7.2.4.3 Exocrine Pancreatic Secretion in
Conscious Dogs (Chronic Duodenal
Pouches in Dogs)

PURPOSE AND RATIONALE

ICH-guideline S7A (2001: Sect. 2) recommended the
use of unanesthetized animals for the safety pharma-
cological assessment of candidate compounds. Duode-
nal pouches and duodenal fistulas (through which
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Fig. 7.3 Technique of a
chronic pancreatic fistula in
dogs. Part a shows the normal

Ductus i
choledochus —||

anatomic situation. Part b: _‘/||"H\\

diagram of the duodenal pouch | |I(\ A

preparation. Part c: fN ¥
| -

[

demonstration of the normal [
D.pancreaticus J—" :

flow of exocrine pancreatic

juice during nonassay major ==
condition. Part d: bwy.
demonstration of the flow of D.pancreaticus ﬁ

exocrine pancreatic juice minor =4

during study condition

!
Anatomy ) \

217

=

o i
: =4 '
«\ == ——— Ligation
ST — I \
P. —cary

= Anastomosis
g ——
A

a thin cannula is inserted into the Ductus pancreaticus
minor, which represents the main pancreatic duct in
dogs), although originally developed in the 1960s and
1940s, respectively, are still in use today (Niebergall-
Roth et al. 1997). Here, the duodenal pouch technique
is described by using a Herrera cannula. Herrera et al.
(1968) described a special cannula, which can be used
to obtain pancreatic juice or bile from a duodenal
pouch after appropriate surgical procedures (Preshaw
and Grossman 1965).

PROCEDURE

The principle technique is demonstrated in Fig. 7.3.
Male Beagle dogs weighing 15-20 kg are used. The
abdominal surgery is performed during appropriate
anesthesia (in former times by, e.g., 30 mg/kg pento-
barbital sodium; nowadays, more appropriate by inha-
lation with halothane or isoflurane). The abdomen is
opened through a midline epigastric incision under
barbiturate anesthesia. The duodenum is mobilized at
the pyloric and jejunal ends, and a 5-cm duodenal
segment containing the Ductus pancreaticus minor,
which represents the main pancreatic duct in dogs,
is isolated. The proximal level of the duodenal section
lies immediately distal to the opening of the common
bile duct and the distal level of section lies 2.5 cm
distal to the main pancreatic duct (Ductus pancreaticus
minor). The duodenum integrity is restored by

The

end-to-end duodenojejunostomy. duodenal
pouch is closed at the proximal end.

The cannula to be inserted is made of stainless steel
and consists of three parts. The main casement mea-
sures 10.5 cm in length, with an external diameter of
1.0 cm. The internal end is flanged, and 1.5 cm from
this point, there is a short lateral limb, also 1.5 cm in
length. The lateral limb is also flanged but, in addition,
possesses a small V-shaped defect to facilitate inser-
tion into the duodenal pouch.

When not in use, the cannula is sealed from the
exterior by inserting a threaded plug which allows
pancreatic juice to enter the duodenum in the normal
manner (Fig. 7.3, part C). For collection of juice, this
plug is removed and a long obturator is inserted
(Fig. 7.3, part D). The latter effectively isolates the
pancreatic secretion from other duodenal contents.

The lateral limb of the cannula is inserted in the
distal end of the isolated duodenal segment in which
the main pancreatic duct opens. The remaining limb
of the cannula inserted through a small duodenotomy
and secured further by a purse-string suture. The
whole system is then generously wrapped in omen-
tum, and the cannula exteriorized through a stab inci-
sion toward the flank. An external collar stabilizes the
cannula.

The cannula is left open to drain blood and secre-
tions for 24 h postoperatively, after which time the
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plug is inserted. Physiologic saline is administered
subcutaneously for a period of 3 days, after which the
animals are permitted to drink water. Checking the
cannula daily is advisable to ensure that the plug
remains tight. The animals receive normal kennel
food and water ad libitum.

The dogs are allowed at least 2 weeks to recover.
Eighteen hours prior to the experiment, food is with-
drawn but water is allowed ad libitum. The long obtu-
rator is inserted (Fig. 7.3, part D), and pancreatic juice
is collected for 15-min periods. After 1 h pretest time,
the candidate compound is given either orally or
intravenously.

EVALUATION

Secretion of pancreas juice is measured at 15-min
intervals and volume and enzyme content determined.
The values are compared with pretest data.

MODIFICATIONS OF THE METHOD

Boldyreff (1925) described details of the technique as
recommended by Pavlov (1902) as well as his own
modification.

Konturek et al. (1976, 1984) performed experi-
ments with chronic gastric fistulas in cats as well as
in dogs to compare the species-specific activities of
vasoactive intestinal peptide and secretin in stimula-
tion of pancreatic secretion.

Ninomiya et al. (1998) studied the effects of
a cholecystokinin-A-receptor antagonist on pancreatic
exocrine secretion stimulated by exogenously admin-
istered CCK-8 in conscious dogs with chronic pancre-
atic fistula.

Garvin et al. (1993) described distal pancreatec-
tomy with autotransplantation and pancreatico-
cystostomy in dogs.

Kuroda et al. (1995) developed a new technique in
dogs for pancreaticogastrointestinal anastomosis that
consists of pancreatectomy using the ultrasonic dissec-
tor and implantation of the pancreatic duct into the
gastrointestinal tract without suturing the pancreatic
parenchyma.
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7.2.5 Gastrointestinal Injury Potential
7.2.5.1 Gastrointestinal Injury

PURPOSE AND RATIONALE

The gastrointestinal injury potential of a candidate
compound is studied in rats after oral administration.
Every positive finding represents a serious safety issue
for a candidate compound.

Nonsteroidal anti-inflammatory agents (NASID), like
indomethacin and acetylsalicylic acid (aspirin), induce
gastric lesions in man and in experimental animals by
inhibition of gastric cyclooxygenase (COX) resulting in
less formation of prostacyclin, the predominant
prostanoid produced in the gastric mucosa.
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PROCEDURE
After a 24-h starvation period, groups of 8-10 rats
weighing 150-200 g are used. The candidate compound
is administered orally in 0.1% Tween 80 solution.
Six hours later, the rats are sacrificed in CO, anesthesia,
and their stomachs and intestines are removed. The
stomach and gastrointestinal tract are removed.
The mucosa is examined with a stereomicroscope and
examined and assessed in relation to an ulceration
index. The number of ulcers is noted and the severity
recorded with the following scores:
0 = No ulcer
1 = Superficial ulcers
2 = Deep ulcers
3 = Perforation

For example, indomethacin 20 mg/kg orally or aspi-
rin 50-100 mg/kg can be used as standard for the
induction of ulcers.

EVALUATION

An ulcer index Uj is calculated:
U;=Ux+ Ug+ Up x 107!

Uy = average of number of ulcers per animal
Ug = average of severity score

Up = percentage of animals with ulcers

Ulcer index of treated animals is compared with
controls. Using various doses, dose-response curves
can be established for ulcer formation and gastric
acid secretion. IDs( values can be calculated by probit
analysis, whereby 0% corresponds to no and 100% to
maximal stimulated gastric acid output.

Instead of an ulcer index, the area of injured gastro-
intestinal mucosa can be measured by the following
procedure. After removal of the stomach, formol saline
(2% v/v) is then injected into the totally ligated
stomachs for storage overnight. The next day, the
stomachs are opened along the greater curvature, then
washed in warm water, and examined under a threefold
magnifier. The lengths of the longest diameters of the
lesions are measured and summated to give a total
lesion score (mm) for each animal, and the total injured
area can be estimated, the mean count for each group
being calculated.

MODIFICATION OF THE METHOD

Kitajima et al. (1993) studied the role of endothelin and
platelet-activating factor in indomethacin-induced
gastric mucosal injury in rats. Four hours after subcu-
taneous injection of 25 mg/kg indomethacin, the rats
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were sacrificed after ether anesthesia, and the stomach
was removed. The stomach was filled with 1.5 mL of
2% buffered formalin for 10 min and then opened
along the greater curvature. The total length of the
lesions was measured.

Dose and time dependency of the ulcerogenic
action of indomethacin were studied by Djahanguiri
(1969).

Instead of indomethacin, gastric lesions are induced
by intravenous or oral doses of aspirin which can be
prevented by exogenous PGE2 or PGI2 (Konturek et al.
1981). Furthermore, reserpine at a dose of 8 mg/kg i.p.
or cysteamine hydrochloride at a dose of 400 mg/kg
s.c. induces ulcers in rats (Tarutani et al. 1985).

Wallace et al. (1989) studied the ulcerogenic activ-
ity of endothelin in indomethacin pretreated rats using
an ex vivo gastric chamber.

Scarpignato et al. (1995) evaluated NSAID-induced
gastric mucosal damage by continuous measurement
and recording gastric potential difference in the rat.

CRITICAL ASSESSMENT OF THE METHOD
Absorptive and secretory changes of the gastrointesti-
nal mucosa and microscopic damage (tight junction/
brush borders) are not examined by this method.
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7.2.5.2 Gastric Ulcer in Pylorus-Ligated Rats
(SHAY Rat)

PURPOSE AND RATIONALE

A simple and reliable method for production of gastric
ulceration in the rat based on ligature of the pylorus has
been published by Shay et al. (1945). The ulceration is
caused by accumulation of acidic gastric juice in the
stomach.

PROCEDURE

Rats weighing 150170 g are starved for 48 h hav-
ing access to drinking water ad libitum. During this
time, they are housed single in cages with raised
bottoms of wide wire mesh in order to avoid can-
nibalism and coprophagy. Ten animals are used per
dose and as controls. Under ether anesthesia,
a midline abdominal incision is made. The pylorus
is ligated, care being exercised that neither damage
to the blood supply nor traction on the pylorus
occurs. Grasping the stomach with instruments is
to be meticulously avoided, else ulceration will
invariably develop at such points. The abdominal
wall is closed by sutures. The test compounds are
given either orally by gavage or injected
subcutaneously.

The animals are placed for 19 h in plastic cylinders
with an inner diameter of 45 mm being closed on both
ends by wire mesh. Afterward, the animals are
sacrificed in CO, anesthesia. The abdomen is opened
and a ligature is placed around the esophagus close
to the diaphragm. The stomach is removed, and the
contents are drained in a centrifuge tube. Along
the greater curvature, the stomach is opened and
pinned on a cork plate. The mucosa is examined with
a stereomicroscope. In the rat, the upper two fifths of
the stomach form the rumen with squamous epithelium
and possess little protective mechanisms against the
corrosive action of gastric juice. Below a limiting
ridge, in the glandular portion of the stomach, the
protective mechanisms are better in the mucosa of the
medium two fifths of the stomach than in the lowest
part, forming the antrum. Therefore, lesions occur
mainly in the rumen and in the antrum. The number

A.W. Herling

of ulcers is noted and the severity is recorded with the
following scores:
0 = No ulcer
1 = Superficial ulcers
2 = Deep ulcers
3 = Perforation

The volume of the gastric content is measured.
After centrifugation, acidity is determined by titration
with 100 mmol/L NaOH.

EVALUATION
An ulcer index Uj is calculated:
U= Ux+Ug+ Up x 107!
Uy = average of number of ulcers per animal
Us = average of severity score
Up = percentage of animals with ulcers

Ulcer index and acidity of the gastric content of
treated animals are compared with controls. Using
various doses, dose-response curves can be established
for ulcer formation and gastric acid secretion. IDs
values can be calculated by probit analysis, whereby
0% corresponds to no and 100% to maximal stimulated
gastric acid output.

CRITICAL ASSESSMENT OF THE METHOD
The “Shay rat” has been proven to be a valuable tool to
evaluate the ulcerogenic or anti-ulcerogenic potential
of a candidate compound independent of its mecha-
nisms of action. However, due to the prolonged dis-
tress to the animals, the use of this method should be
ethically balanced very carefully against the expected
added value of the study outcome.
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7.2.6 Gut Motility

7.2.6.1 lleal Contraction In Vitro
Isolated lleum (MAGNUS Technique)

PURPOSE AND RATIONALE

During the profiling process of specific and safety
pharmacological characterization of a candidate com-
pound in the target-oriented research process, the side
effect potential is first estimated from the binding
characteristics to a receptor panel in vitro. If there is
a binding to a respective receptor identified in the low
molar concentration range, which is not associated to
the primary mode of action of the drug candidate, there
is always the question how relevant is this finding with
respect to an undesired side effect potential by receptor
agonism or antagonism with respect to the receptor-
mediated pharmacological effect. As a first estimate,
simple methods are preferred to investigate putative
receptor-mediated effects. A wide variety of different
receptors appear in the gut; their activation (using the
drug candidate itself) or inhibition (using the respec-
tive receptor agonist together with the drug candidate)
can be studied by isolated gut preparations.

The isolated ileum, as first described by Magnus
(1904), is probably the most widely used model in
experimental pharmacology. Magnus already studied
simultaneously the spontaneous contractions of the lon-
gitudinal and circular musculature and the inhibiting
effect of atropine. The method has been used for many
purposes, such as the study on the effects of epinephrine
(adrenaline) on the lower segments causing contraction
and on the segments of the upper end causing relaxation
by Munro (1951) or the study on the origin of acetyl-
choline released from guinea-pig intestine and longitu-
dinal muscle strips by Paton and Zar (1968) either
retaining or being denervated from Auerbach’s plexus.
The model is used as a basic screening procedure for
spasmolytic activity, whereby an anti-acetylcholine or
anticarbachol effect indicates antimuscarinic activity
and an anti-BaCl, effect indicates a musculotropic,
papaverine-like effect. In addition to the isolated
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ileum, other parts of the gut such as the isolated duode-
num and colon have been used widely.

PROCEDURE
Guinea pigs of either sex weighing 300-500 g are used.
They are sacrificed by stunning and exsanguination.
The abdomen is opened with scissors. Just distal to the
pylorus, a cord is tied around the intestine, which is
then severed above the cord. The intestine is gradually
removed, with the mesentery being cut away as neces-
sary. When the colon is reached, the intestine is cut.
Below the cord, the intestine is cut halfway through, so
that a glass tube can be inserted. Tyrode solution is
passed through the tube and the intestine until the
effluent is clear. Mesentery is cut away from the intes-
tine that was joined to the colon. Pieces of 2-3-cm
length are cut. Preferably, the most distal piece is
used being the most sensitive one. This piece is fixed
with a tissue clamp and brought into a 15-mL organ
bath containing Tyrode solution at 37°C being oxygen-
ated with 95% O,/5% CO,. The other end is fixed to an
isometric force transducer (UC 2 Gould-Statham,
Oxnard, USA). A preload of 1 g is chosen. Responses
are recorded on a polygraph. After a preincubation
time of 30 min, the experiment is started.

The foll