


ANTIBIOTICSPRIVATE 

An antibiotic, in strict terms, is an antimicrobial substance of natural origin.  However, synthetic antimicrobials, such as the sulfonamides, are usually classified as antibiotics.  The distinction has become artificial as most modern antibiotics are semi-synthetic and some naturally occurring antibiotics can now be produced entirely synthetically.

Antibiotics can be bactericidal (kill organisms) or bacteriostatic (inhibit organisms).  The same antibiotic may be bactericidal in some circumstances and bacteriostatic in others, depending on the nature of the infecting organism and the concentration of the antibiotic at the infection site.  There are certain infections which should be treated with a bactericidal antibiotic e.g. meningitis, endocarditis.

The aim of antimicrobial chemotherapy is to help the body's defence mechanisms overcome the infection without harming the patient.  Antibiotics may harm the patient directly in various ways e.g. acting as allergens, direct toxic effects, interfering with the metabolism of other drugs.

Antibiotics may also harm the patient indirectly by disturbing the balance of the normal flora which is present on the skin and mucous membranes.  Reduction or elimination of the normal flora may lead to the patient becoming colonised with potential pathogens.

CHOICE OF AN ANTIMICROBIAL AGENT
1.
Identification of the infecting organism

In different clinical situations, the amount of information available on the infecting organism may vary widely.  On occasion both the identity of the organism and its susceptibility pattern may be known prior to prescribing antibiotics.  Sometimes the identity is known prior to the susceptibility results.  This means the clinician should know the treatment of choice for all the common pathogens.


Sometimes it is necessary to prescribe an antibiotic before an organism is cultured.  This is called empiric therapy.  To prescribe empiric antibiotics the clinician must know what are the likely pathogens in different types of infections.  Use all the information that is available e.g. when a patient has a positive blood culture, the Gram stain may be very useful in guiding antibiotic therapy 24 hours before the laboratory has any colonies to work with.

2.
Determining the antimicrobial susceptibility of the infecting organism.

To determine the antibiotic susceptibility of an infecting organism, the laboratory must first isolate the organism in pure culture, a procedure which takes at least 24 hours.  Performing the antibiotic susceptibility test usually requires a further 24 hours of incubation.


The common disk diffusion test gives a semi-quantitative result.  For serious infections, such as endocarditis, it is important to obtain quantitative information.  The usual quantitative test performed is the Minimum Inhibitory Concentration (MIC).  The MIC is defined as the lowest concentration of antibiotic inhibiting visible growth and is expressed in mg/L.  The Minimum Bactericidal Concentration (MBC) is the lowest concentration of antibiotic which will kill the organism.  Because it is frequently necessary to prescribe antibiotics before knowing the susceptibility results, it is important to be aware of resistance patterns in the hospital or community in which you are working.

3.
Host factors

a)
History of previous adverse reactions to antibiotics.  Obtaining a history of previous adverse reactions to drugs may prevent the inadvertent administration of an antibiotic to which the patient is allergic.  Failure to do so may have serious, and sometimes fatal, consequences.


b)
The age of the patient.


Some antibiotics, like tetracyclines, should be avoided in young children.


c)
Pregnancy.


Patients who are pregnant and nursing mothers pose problems in the selection of antibiotics.  All antibiotics cross the placenta in varying degrees, directly exposing the fetus to any adverse effects of the drug and virtually all antibiotics appear in measurable concentrations in breast milk.


d)
Renal and hepatic function.


The ability of the patient to metabolize or excrete antibiotics is one of the most important host factors to consider especially when high serum or tissue levels are potentially toxic.  Renal excretion is the most important route of elimination for the majority of antibiotics.  Some antibiotics are contraindicated in renal failure and many antibiotics require dosage adjustment in accordance with the degree of renal impairment.


e)
Site of infection.


For antibiotic therapy to be effective an adequate concentration of the drug must be present at the site of the infection.  This usually means that the local concentration of the antibiotic should at least equal the MIC of the infecting organism.  Serum concentrations of antibiotics are easier to measure than tissue concentrations but are not as important.  For example, it is the CSF concentration, not the serum concentration, that determines whether an antibiotic will be effective in treating meningitis.  Antibiotics that do not cross the blood-brain barrier will be ineffective in treating meningitis (unless given intrathecally).

4.
Antimicrobial Combinations.


The majority of infections can be treated with a single antimicrobial agent but there are some clear cut indications for using combinations of antibiotics.  Because combinations provide broader coverage than a single agent, physicians are often tempted to use them for the security they apparently provide.  This may be disadvantageous for the patient.


In vitro combinations of two antibiotics may be additive, synergistic or antagonistic.  Two antibiotics are additive (or indifferent) when the activity of the drugs in combination is equal to the sum of their independent activities.  Two antibiotics are said to be synergistic when the activity of the drugs in combination is greater than the sum of their independent activities when measured separately.  If two antibiotics are antagonistic, the activity of the combination is less than the sum of their independent activities when measured alone.


Indications for the use of antimicrobial combinations.

a)
Prevention of the emergence of resistant organisms e.g. treatment of tuberculosis.


b)
Polymicrobial infections.


Usually infections due to more than one organism can be treated with a single antibiotic but on occasion it may be necessary to use a combination of antibiotics e.g. intraperitoneal infections, brain abscesses.


c)
Initial therapy.


In neutropenic patients, when the nature of the infection is not clear, it is reasonable to begin therapy with broad-spectrum coverage, usually an aminoglycoside and a (-lactam, while awaiting the results of culture.


d)
Synergism


Although there are many examples of in vitro synergism, there are only a few clinical situations in which a synergistic combination of antibiotics has been shown to be more effective than a single agent e.g. the treatment of enterococcal endocarditis with penicillin and an aminoglycoside.


Disadvantages of antimicrobial combinations are the possibility of antagonism, increased toxicity and cost.

5.
Route of administration

Once the most appropriate antibiotic has been selected, the physician must decide which route of administration to use.  In most cases the choice is between oral and parenteral routes and the usual parenteral route is intravenous infusion.  Not all antibiotics are available for both oral and parenteral administration e.g. aminoglycosides have to be given parenterally because they are not absorbed from the gastrointestinal tract.  On the whole, the oral route of administration is chosen for mild infections that can be treated on an outpatient basis and the parenteral route is used for hospitalized patients.  Nowadays, there is pressure to discharge patients early in order to contain costs and this has led to interest in treating serious infections with oral antibiotics (the newer oral antibiotics are much more active than their predecessors) and in treating patients with parenteral antibiotics at home.

6.
Avoidance of broad-spectrum antibiotics

Whenever possible a narrow-spectrum antibiotic should be selected.  A broad-spectrum antibiotic causes a marked reduction in the patient's normal flora and may lead to the patient becoming colonized with potential pathogens.  In addition, widespread use of broad-spectrum antibiotics can have an adverse effect on the microbial flora of the hospital.  The selective pressure exerted by broad-spectrum antibiotics leads to resistant organisms becoming the dominant population in an institution.

7.
Cost

Obviously, cost should not be the primary consideration when selecting an antibiotic.  However, when two agents are equal with regard to efficacy and side effects, the less expensive agent should be selected.


MECHANISM OF ACTION OF ANTIMICROBIAL AGENTS

The ideal antibiotic acts selectively against bacteria, interfering with microbial metabolism whilst having little or no effect on human cells.


There are three principle target sites for antimicrobial agents.


a)
Agents which interfere with cell wall synthesis


The (-lactam antibiotics (penicillins and cephalosporins) are inhibitors of cell wall synthesis.  They attach to targets known as the penicillin-binding proteins which are enzymes important in cell wall synthesis.  Once the cell wall is weakened, the bacterium is susceptible to osmotic damage.


b)
Agents which interfere with nucleic acid synthesis


Sulfonamides and trimethoprim interfere with the synthesis of folic acid, an essential co-factor in nucleotide synthesis.  Human cells are not affected because they derive folic acid from exogenous dietary sources.


c)
Agents which interfere with protein synthesis


Antibiotics which interfere with protein synthesis are the aminoglycosides, the tetracyclines, chloramphenicol, erythromycin and clindamycin.  These antibiotics affect protein synthesis in different ways.  For example, the aminoglycosides and tetracyclines bind to the 3OS ribosomal subunit whereas chloramphenicol, erythromycin and clindamycin bind to the 5OS ribosomal subunit.


MECHANISMS OF RESISTANCE TO ANTIMICROBIAL AGENTS

Resistance of bacteria to antimicrobial agents may be inherent or acquired.  An example of an organism with a high degree of inherent resistance is Pseudomonas aeruginosa.  All strains of this species are resistant to a wide variety of antibiotics and were resistant before the beginning of the antibiotic era.


Acquired resistance may be due to mutations affecting genes on the bacterial chromosome or to acquisition of resistance genes from plasmids and transposons.  Plasmids are independently replicating molecules of DNA which can exist outside the bacterial chromosome.  They are transmissible by conjugation, transduction (via bacteriophage) or transformation (uptake of naked DNA).  Transposons are discrete sequences of DNA, capable of translocation from one replicon (plasmid or chromosome) to another.


The actual mechanisms by which bacteria may circumvent the action of antimicrobial agents are:

a)
Enzymatic inactivation of the antibiotic either before or after it enters the cell e.g. (-lactamase enzymes.


b)
Modification of the bacterial surface so that it becomes less permeable to the antibiotic e.g. this is one mechanism by which P.aeruginosa may become resistant to aminoglycosides.


c)
Modification of the target so that it binds less avidly with the antibiotic e.g. altered penicillin binding proteins cause Staphylococcus aureus to be resistant to cloxacillin.


The situation is exceedingly complex as resistance to an antibiotic may occur by all these three mechanisms e.g. resistance to the aminoglycosides may be due to enzymatic inactivation, alteration in permeability or alteration in ribosomal binding proteins.


In addition, many organisms can demonstrate resistance to an antibiotic by more than one mechanism e.g. S. aureus inactivates penicillin enzymatically but is resistant to cloxacillin because of altered penicillin binding proteins.


Finally, in most species the genes encoding for resistance may sometimes be chromosomal and sometimes plasmid-borne e.g. Neisseria gonorrhoeae frequently has chromosomally mediated low-level resistance to penicillin due to altered penicillin-binding proteins, while occasional strains have high-level plasmid-mediated resistance due to a (-lactamase enzyme.


THE (-LACTAM ANTIBIOTICS

The (-lactams are a large group of antibiotics which contain the (-lactam ring and include the penicillins, the cephalosporins, the monobactams and the carbapenems.


Features that the (-lactam antibiotics have in common are:

1)
They act on cell wall synthesis and are usually bactericidal.


2)
They are a relatively safe group of antibiotics which may be given in high doses.


3)
Rashes and gastrointestinal upsets are the most common side effects.


4)
Hydrolysis of the (-lactam ring results in inactivation of these antibiotics.  Many bacteria now produce (-lactamase enzymes.  Dozens of such enzymes have been described, with different substrate profiles.

1.
Penicillins

a)
Benzyl penicillin


In 1928 Alexander Fleming found that a fungus, called Penicillium, produced a substance that inhibited the growth of a common pathogenic bacterium, Staphylococcus aureus.  By the end of the 1940s, penicillin was available for general use.






Penicillin is active against streptococci (including Streptococcus pneumoniae, Group A streptococcus),  Neisseria meningitidis, Treponema pallidum and most anaerobes in the mouth and upper respiratory tract.  It is inactive against most Gram-negative bacilli because the lipopolysaccharide-protein outer membrane of the Gram-negative cell wall prevents passage to the target site.



Resistance may be due to alterations in the target site (the penicillin-binding proteins) or to enzymatic inactivation by (-lactamase enzymes.  Resistance in  S. aureus (due to (-lactamase) appeared soon after the drug was first used and nowadays nearly all S. aureus isolates are resistant.  Resistance in S. pneumoniae (due to stepwise mutations in the penicillin-binding proteins) took much longer to develop.  It is only in the last few years that penicillin-resistant pneumococci have started to become a problem.



Penicillin is destroyed by acid in the stomach and is usually given parenterally. It is rapidly excreted in the urine and therefore must be given frequently (4-6 times daily) to maintain adequate blood levels.  Penicillin is usually given intravenously.  Intramuscular preparations have been developed which are excreted more slowly but they are rarely used because they give blood levels that are too low for treating most infections.



Toxicity


The most important side effect is hypersensitivity.  There are two kinds of penicillin allergy.  Anaphylactic reactions, involving edema of the larynx, dyspnea due to bronchospasm and peripheral circulatory failure, are uncommon but may be fatal.  Delayed reactions, occurring 7-10 days after starting the drug and involving fever, joint pains and rash, are relatively common.



Clinical Uses


Streptococcal endocarditis, streptococcal cellulitis, pneumococcal pneumonia, meningococcal meningitis, syphilis.


b)
Penicillin V


Penicillin V is relatively acid stable and may be given orally.  Blood levels are low and penicillin V is not used to treat serious infections.  The main uses for penicillin V are treatment of Group A streptococcal sore throat and prophylaxis of rheumatic fever.


c)
Penicillinase-resistant penicillins


The first penicillinase-resistant penicillin to be developed was methicillin in 1960. Other penicillinase-resistant penicillins are oxacillin, cloxacillin, flucloxacillin, nafcillin.  Cloxacillin is the penicillinase-resistant penicillin used in Canada.



Cloxacillin is active against both penicillin-sensitive and penicillin-resistant staphylococci.  Resistance to cloxacillin (due to an alteration in one of the penicillin-binding proteins) is now very common in Europe, the U.S. and some parts of Canada.   Staphylococci which are resistant to cloxacillin are resistant to all the penicillinase-resistant penicillins and to the cephalosporins.


Cloxacillin is given intravenously for serious infections.  It may be given orally for mild infections although oral absorption is somewhat unpredictable.


d)
Ampicillin


Ampicillin was the first penicillin to have activity against Gram-negative bacilli and was called the first broad-spectrum penicillin, although it does not seem very broad-spectrum by today's standards.



Ampicillin is active against bacteria sensitive to penicillin but, in addition, has activity against many Gram-negative bacilli including Escherichia coli, Proteus mirabilis, Salmonella, Shigella and Haemophilus influenzae.  Certain Gram-negative bacteria e.g. Serratia , Citrobacter and Klebsiella pneumoniae are nearly always ampicillin resistant.  Pseudomonas aeruginosa is always ampicillin resistant.



Penicillinase-producing staphylococci are always resistant to ampicillin.



Organisms previously sensitive to ampicillin have developed resistance since its release.  For example, 13% of Haemophilus influenzae in B.C. are now ampicillin resistant and in Vancouver hospitals approximately 35% of E. coli are ampicillin-resistant.



Ampicillin may be given parenterally or orally.



Rashes are more common than with other penicillins.  Almost all patients with infectious mononucleosis will develop a rash if given ampicillin.



Ampicillin is used to treat a wide variety of infections, particularly respiratory tract and urinary tract infections due to susceptible organisms.



Amoxicillin, a chemical modification of ampicillin, is better absorbed after oral administration.


e)
Anti-pseudomonal penicillins


Carbenicillin was the first penicillin to have activity against P. aeruginosa.  The activity of carbenicillin against other Gram-negative bacilli is similar to that of ampicillin.



Ticarcillin is similar to carbencillin, except that is more active against P. aeruginosa.



Piperacillin has a spectrum of activity similar to ticarcillin and carbencillin but is even more active against P. aeruginosa.



None of these anti-pseudomonal penicillins is active against penicillinase-producing staphylococci.



Carbenicillin, ticarcillin and piperacillin are all given intravenously and large doses are required when treating P. aeruginosa as the MICs are high.

2.
B-lactamase inhibitors

Most of the resistance to (-lactam antibiotics is due to (-lactamase enzymes.  The first approach to the problem of (-lactamases was to modify the side chains on the 6-aminopenicillanic acid nucleus to create an antibiotic resistant to (-lactamases e.g. cloxacillin is resistant staphylococcal (-lactamases.  An alternative approach is to combine a (-lactam antibiotic with a (-lactamase inhibitor.  The inhibitor binds irreversibly to the (-lactamase enzyme and the (-lactam antibiotic is not hydrolysed.


Clavulanic acid, the first (-lactamase inhibitor to be marketed, is a natural product of a species of   Streptomyces.  It is marketed with amoxicillin as Clavulin (oral) and with ticarcillin as Timentin (parenteral).  

Tazobactam, a broader spectrum (-lactamase inhibitor than clavulanic acid, is available in combination with piperacillin as Tazocin (intravenous).  

3.
Cephalosporins

The first cephalosporin was the product of a mold.  Isolation of the 7-amino-cephalosporanic acid nucleus enabled a whole series of semi-synthetic cephalosporins to be produced.





Basic structure of a cephalosporin.


Features of the cephalosporins are:


1)
They are broad-spectrum antibiotics.


2)
Most do not penetrate the CSF.


3)
Patients with delayed hypersensitivity reactions to penicillins may be given cephalosporins with care.  Cephalosporins are contraindicated in patients who have had immediate hypersensitivity reactions to penicillins.


a)
First generation cephalosporins


First generation cephalosporins are active against staphylococci (excluding cloxacillin-resistant staphylococci) and streptococci (excluding Enterococcus).  They have a wider spectrum of activity against enteric Gram negative bacilli than ampicillin.



They are inactive against P. aeruginosa, Haemophilus influenzae and the clinically important anaerobe Bacteroides fragilis.



Clinical uses include:



1)
Treatment of infections with Gram negative bacilli that are ampicillin resistant eg. Klebsiella pneumoniae.


2)
Treatment of infections due to penicillin, ampicillin or cloxacillin sensitive organisms in patients with delayed penicillin hypersensitivity.



3)
Surgical prophylaxis.




Cefazolin is the first generation parenteral cephalosporin used in Canada.




Cephalexin is the first generation oral cephalosporin used in Canada.  It is somewhat less active than cefazolin and is used only for mild infections.


b)
Second generation cephalosporins


Second generation cephalosporins are so-called because they have a wider spectrum of activity than first generation cephalosporins. 



There are two parenteral second generation cephalosporins used in Canada.  They are cefuroxime and cefoxitin.  Both may be active against some Gram negative bacilli resistant to cefazolin.



Cefoxitin is particularly (-lactamase stable and was the first cephalosporin to have activity against Bacteroides fragilis.  It is no more active than first generation cephalosporins against staphylococci and H. influenzae.  It is used to treat anaerobic and mixed infections.



Cefuroxime is active against all cefazolin sensitive organisms but, in addition, is particularly active against H. influenzae, including (-lactamase producing strains.  It is inactive against B. fragilis.  Cefuroxime is used to treat serious H. influenzae infections other than meningitis.



Cefaclor is an oral second generation cephalosporin.  Its main advantage over cephalexin is that it has some activity against (-lactamase producing 
H. influenzae infections and its main use is in treating infections with these organisms eg. otitis media.


c)
Third generation cephalosporins


The third generation cephalosporins are so called because they have a wider spectrum of activity than the second generation cephalosporins.  The parenteral third generation cephalosporins used in Canada are cefotaxime, ceftazidime and ceftriaxone.  All these agents penetrate the CSF and cefotaxime and ceftriaxone are used to treat meningitis.



Third generation cephalosporins are active against cefazolin-sensitive organisms and, in addition, are as active against H. influenzae as cefuroxime.  The activity of the third generation cephalosporins against enteric Gram negative bacilli is greater than that of second-generation cephalosporins.  Cefotaxime, ceftazidime and ceftriaxone differ in their activity against B. fragilis, P. aeruginosa and staphylococci.



Ceftazidime is inactive against B. fragilis.  Cefotaxime and ceftriaxone have some activity against B. fragilis but neither is as active as the second generation cephalosporin, cefoxitin.



Ceftazidime is the most active against P. aeruginosa.  Ceftriaxone and cefotaxime have marginal activity against this species.



Ceftazidime has poor activity against staphylococci.  Ceftriaxone and cefotaxime are active against staphylococci, but neither is as active as the first generation cephalosporin, cefazolin.



Ceftriaxone is unique among the third generation cephalosporins in that its half-life is long enough to permit once a day dosing.



The third generation cephalosporins are overused.  The only clear cut indications for their use are treatment of meningitis due to H. influenzae and enteric Gram negative bacilli and the treatment of infections resistant to all other agents or sensitive only to the aminoglycosides.



Resistance to third-generation cephalosporins due to plasmid-mediated broad-spectrum (-lactamases has recently become a major problem in Europe.  Prior to this, the only resistance to these agents was mediated by an inducible chromosomal cephalosporinase.


4.
Carbapenems


Imipenem and meropenem, the only carbapenems available in Canada, are also the most broad-spectrum antibiotics available in Canada.



Imipenem is active against streptococci (including some enterococci), staphylococci (excluding cloxacillin-resistant staphylococci), H. influenzae, Gram negative enteric bacilli, P. aeruginosa and anaerobes including Bacteroides fragilis.



It is extremely stable to almost all (-lactamases with the exception of that produced by Stenotrophomonas maltophilia.


Imipenem must be given parenterally.  Because it is hydrolysed by renal dehydropeptidase-I, it must be given in combination with a dehydropeptidase inhibitor, cilastatin.



As with other (-lactams, toxicities are few.



Imipenem should be reserved for the treatment of infections resistant to narrower spectrum agents.



Meropenem has a similar spectrum of activity to imipenem but is stable to renal dehydropeptidase I.


5.
Monobactams


As a result of screening large numbers of organisms for the production of (‑lactams, it was discovered that a bacterium, Chromobacterium violaceum produced a monocyclic (-lactam.  This compound was purified to yield the highly active antibiotic aztreonam.




Aztreonam is active against a wide variety of Gram negative organisms, including P. aeruginosa, and is inactive against Gram positive organisms and anaerobes.



Aztreonam is very (-lactamase stable and, like other (-lactams, has very few toxicities.  It must be given parenterally.  It is used as a single agent to treat serious Gram negative infections and in combination with other agents to treat mixed infections.


THE AMINOGLYCOSIDE ANTIBIOTICS

The aminoglycoside antibiotics are an important group of antibiotics with the following properties in common:


1)
They act on protein synthesis and are bactericidal antibiotics.


2)
They have a low therapeutic index.  (The therapeutic index is the ratio of the dose toxic to the host to the effective dose).


3)
Nephrotoxicity and ototoxicity are a problem with all the aminoglycosides.  Nephrotoxicity is frequently reversible.  Ototoxicity (both vestibular and auditory toxicity may occur) is of more concern as it is frequently irreversible.


4)
The aminoglycosides are all given parenterally and are not absorbed if they are given by mouth.


5)
The aminoglycosides are all excreted in the urine, necessitating careful adjustment of dose in renal impairment.  The aminoglycosides achieve very low levels in CSF or bronchial secretions.


6)
The aminoglycosides are active against enteric Gram negative bacilli, P. aeruginosa and staphylococci.  Streptococci and anaerobes are resistant.


7)
Acquired resistance to the aminoglycosides may be due to enzymatic inactivation (adenylating, acetylating and phosphorylating enzymes have been described), reduced permeability of the bacterial cell or alterations in the ribosomal binding proteins.


Streptomycin was one of the first aminoglycosides.  It is now considered mainly a drug for tuberculosis.  Resistant mutants to streptomycin arise frequently and it must always be given with another antibiotic.


Gentamicin is the most frequently used aminoglycoside and the least expensive.


Tobramycin has a spectrum of activity very similar to gentamicin except that it is slightly more active against P. aeruginosa.


Amikacin is also similar to gentamicin in spectrum of activity but is useful in that organisms resistant to gentamicin and tobramycin may still be susceptible to amikacin.


Both tobramycin and amikacin are more expensive than gentamicin.


Once daily dosing of aminoglycosides.


Although traditionally aminoglycosides have been given three times daily and serum levels have been monitored on a regular basis, many hospitals are now moving to once daily dosing of aminoglycosides.


It has recently been established that aminoglycosides kill bacteria most effectively if the organisms are exposed to a concentration of the drug which is 10-12 times the MIC.  Once this has occurred, regrowth of the organisms is prevented even if aminoglycoside concentrations fall below the MIC for several hours.  It is these two characteristics of the aminoglycosides which made once daily dosing a possibility and clinical trials have shown that once daily dosing is as efficacious and no more toxic than traditional dosing.


Hospitals which have adopted once daily dosing have experienced considerable cost savings, resulting largely from savings on nursing time and also because serum levels no longer need to be monitored.

FOLIC ACID ANTAGONISTS
1)
Sulfonamides

Sulfonamides were the first antimicrobials to be discovered. They act by interfering with folic acid synthesis and are bacteriostatic.  They were originally considered to have a broad-spectrum of activity but resistance developed quickly.  Nowadays, no organism can be assumed to be sensitive without laboratory testing.


Sulfonamides are well absorbed by the oral route.  Rashes are common, but serious toxic effects are uncommon.  The main use for sulfonamides is the treatment of uncomplicated urinary tract infections.

2)
Trimethoprim

Trimethoprim also interferes with folate synthesis but later in the pathway.  It is primarily bacteriostatic but, when combined with a sulfonamide, may be bactericidal, at least in vitro.


Trimethoprim is active against a wide variety of Gram positive and Gram negative bacteria (although not P. aeruginosa or enterococci) and is also active against the eukaryotic organism Pneumocystis carinii.


Trimethoprim is marketed in a 1:5 ratio with sulfamethoxazole (Bactrim, Septra).  The activity of the combination is primarily due to the trimethoprim component, while the toxicity is primarily due to the sulfamethoxazole.


Although both mutational and plasmid-mediated resistance to trimethoprim has been described, there is much less resistance to the combination than to sulfamethoxazole alone.


Sulfamethoxazole-trimethoprim (SXT) is well absorbed orally and is excreted in the urine.  It is used to treat a wide variety of infections including urinary tract infections, otitis media and enteric infections.  One of the more recent uses for SXT is the treatment and prophylaxis of Pneumocystis carinii pneumonia.

TETRACYCLINES
The tetracyclines have the following properties in common:

1)
They act on protein synthesis and are bacteriostatic antibiotics.

2)
They are all absorbed orally and are excreted in the urine. Because they are chelated by divalent cations, oral absorption is reduced by dairy products or antacids.

3)
When they were first released the tetracyclines were considered broad-spectrum agents on account of their activity against staphylococci, streptococci, Gram negative enteric bacilli, H. influenzae, N. gonorrhoeae and anaerobic bacteria including B. fragilis.  In addition to this antibacterial activity, the tetracyclines have activity against the cell-wall deficient Mycoplasma pneumoniae and against the obligate intracellular organisms Rickettsia and Chlamydia.


The tetracyclines were grossly overused and resistance developed in many species.  Resistance, whether mutational or plasmid-borne, involves failure of the antibiotic to permeate the cell.  In contrast to the (-lactams and aminoglycosides, enzymatic inactivation of the antibiotic is not a problem.

4)
Adverse effects include rashes, diarrhea and Candida superinfections.  Tetracyclines have a strong affinity for newly formed bone and developing teeth and should not be used in pregnant women or children up to 8 years of age.

Tetracycline has a relatively short half-life and must be given 4 times daily.  There are two longer acting tetracyclines, minocycline and doxycyline, which can be given twice daily.

The tetracyclines are used to treat respiratory tract infections particularly, chronic bronchitis and Mycoplasma pneumoniae pneumonia, brucellosis, plague, rickettsial infections and chlamydial infections, including non-specific urethritis.

CHLORAMPHENICOL
Chloramphenicol acts on protein synthesis and is usually bacteriostatic.

When first released chloramphenicol was considered a broad-spectrum antibiotic.  It had activity against staphylococci, streptococci, enteric Gram negative bacilli and anaerobes including B. fragilis.  Nowadays, however, there is a great deal of plasmid-mediated resistance, coding for an acetylating enzyme which inactivates the antibiotic.

Chloramphenicol is well absorbed orally but may also be given intravenously.  It is conjugated in the liver and very little is excreted in the urine.  Chloramphenicol penetrates the blood-brain barrier and attains excellent levels in the CSF.

Toxicity is a serious problem with chloramphenicol.  High or prolonged doses may result in marrow hypoplasia which is reversible on cessation of therapy.  Occasionally, irreversible aplastic anaemia or agranulocytosis may develop even after low doses.

Because of the potential for serious toxicity chloramphenicol is rarely used nowadays.  It is still sometimes used to treat typhoid fever, brain abscesses and meningitis due to H. influenzae or N. meningitidis.

MACROLIDES
Erythromycin is the most important member of a group of antibiotics known as the macrolides.  It acts on protein synthesis and is bacteriostatic.

The spectrum of erythromycin is similar to that of penicillin but, in addition, it is active against penicillinase producing staphylococci, Mycoplasma pneumoniae, Legionella pneumophila, Campylobacter jejuni and Chlamydia.

Mutational and plasmid-mediated resistance have both been described.  The mechanism through which resistance occurs is either decreased permeability or decreased ribosomal binding.

Both oral and intravenous preparations of erythromycin are available.  Erythromycin is primarily inactivated in the liver and very little appears in the urine.  It does not penetrate the CSF.

The main toxicity of oral erythromycin is nausea, vomiting and diarrhea.  Intravenous erythromycin may be hepatotoxic.

Erythromycin is used to treat legionnaire's disease, diarrhea due to C. jejuni, pneumonia due to Mycoplasma pneumoniae and chlamydial infections in children and pregnant women.  

Two new macrolides, clarithromycin and azithromycin, have greater antimicrobial activity than erythromycin and fewer side effects.

CLINDAMYCIN
Clindamycin has a similar mode of action (bacteriostatic inhibitor of protein synthesis) and spectrum of activity to erythromycin but chemically it is not a macrolide.  It has a better activity against anaerobes than erythromycin, including excellent activity against B. fragilis.  Bacterial resistance mechanisms are similar to those described for erythromycin.

Clindamycin is well absorbed orally but is also available as an intravenous preparation.  Like erythromycin, clindamycin is inactivated in the liver and very little appears in the urine.  It does not penetrate the CSF.

The most serious side effect of clindamycin is pseudomembranous (antibiotic-associated) colitis due to inhibition of the anaerobic flora of the bowel with overgrowth of clindamycin-resistant Clostridium difficile which produces an enterotoxin.

The main uses for clindamycin are the treatment of staphylococcal and streptococcal infections in the penicillin allergic patient and the treatment of anaerobic infections.

NITROIMIDAZOLES
The most important member of this group is metronidazole (Flagyl).

It was introduced in 1959 for the treatment of Trichomonas vaginalis and was subsequently found to have activity against anaerobic bacteria.

All organisms affected by metronidazole exhibit anaerobic metabolism.  The antibiotic is reduced intracellularly and acts on DNA.  Aerobic and facultative organisms are not susceptible to metronidazole.  Metronidazole is bactericidal and, although it has been used extensively for more than fifteen years, resistant bacteria are still very rare.

Metronidazole is well absorbed orally and is also available as an intravenous preparation.  The drug is extensively metabolized and the metabolites are excreted in the urine.

Side effects of metronidazole include nausea, an unpleasant taste in the mouth and an Antabuse effect.

Metronidazole is used to treat serious anaerobic infections, usually in combination with another antibiotic active against facultative organisms.  It is also used in surgical prophylaxis and for the treatment of antibiotic-associated colitis.

NITROFURANS
Nitrofurantoin is the most important member of this group.

The mode of action of nitrofurantoin is not known.  It is active against many enteric Gram negative bacilli and also against staphylococci and streptococci (including enterococci).  Resistance to nitrofurantoin has been slow to develop.

Nitrofurantoin is only available orally.  It is rapidly and completely absorbed but serum levels are low due to rapid breakdown of the drug in the tissues.  Much of the drug is excreted unchanged in the urine.

The most frequent side effects are nausea and vomiting.

The only use for nitrofurantoin is the treatment of urinary tract infections.

GLYCOPEPTIDES
Vancomycin was the first member of this group of antibiotics and is the only one used to any degree in Canada.

Vancomycin acts on cell wall synthesis at an earlier stage than the (-lactams.  It is usually, but not always, bactericidal.  It has activity against staphylococci (including cloxacillin resistant staphylococci), streptococci (including enterococci) and Gram positive anaerobic bacteria such as Clostridium.  Gram negative organisms (including Gram negative anaerobes) are resistant.  For many years bacterial resistance was not a problem.  Recently many centres are reporting vancomycin resistant enterococci. 

Vancomycin is not absorbed orally and is given parenterally by intravenous infusion.  It is excreted unchanged in the urine and does not attain CSF concentrations adequate to treat meningitis.

Vancomycin has a number of serious side effects including thrombophlebitis, hypotension, ototoxicity and nephrotoxicity.  Serum levels should be monitored.

The main clinical uses for vancomycin are the treatment of cloxacillin resistant staphylococcal infections and the treatment of antibiotic-associated colitis.

RIFAMPIN
Rifampin inhibits bacterial RNA polymerase by forming a stable drug-enzyme complex.  Mammalian cells also contain RNA polymerase, but rifampin is selectively toxic to bacteria because the mammalian enzyme is much less sensitive to the drug than its bacterial counterpart.

Rifampin is very active against staphylococci (including cloxacillin-resistant staphylococci), streptococci (excluding enterococci), N. meningitidis, H. influenzae and Mycobacterium tuberculosis.  Enteric Gram negative bacilli are resistant.

Acquired resistance to rifampin is a problem as resistant mutants appear rapidly if rifampin is used alone.

Rifampin is administered orally.  Unlike many antibiotics it is lipid soluble and can penetrate the cell membrane and kill intracellular organisms.

Rifampin has a number of side effects.  It causes reddish discolouration of the urine and other body fluids, it diminishes the activity of anticoagulants and the efficacy of oral contraceptives.

Rifampin is used alone for the chemoprophylaxis of meningococcal and H. influenzae infections. It is used in combination with other antibiotics to treat tuberculosis and staphylococcal infections.

FLUOROQUINOLONES
The fluoroquinolones are analogues of nalidixic acid, a relatively narrow spectrum antimicrobial agent, used only for the treatment of urinary tract infections.

The fluoroquinolones act on DNA (specifically on DNA gyrase which causes supercoiling of the bacterial chromosome) and are bactericidal.

The fluoroquinolones have a broad spectrum of activity.  They are active against enteric Gram negative bacilli, P. aeruginosa and Staphylococcus aureus (including cloxacillin-resistant staphylococci).  Activity against streptococci is moderate.  In some centres, use of the fluoroquinolones has been associated with the rapid emergence of resistance, particularly in cloxacillin-resistant S. aureus.
Norfloxacin and ciprofloxacin are the two fluoroquinolones originally used in Canada.

Both norfloxacin and ciprofloxacin are absorbed orally.  Ciprofloxacin is also available as an intravenous preparation.

Norfloxacin is used mainly to treat urinary tract infectious.  In addition, to urinary tract infections, ciprofloxacin has been used to treat respiratory tract infections, skin and soft tissue infections and bone and joint infections.

Levofloxacin, a newer fluoroquinolone with somewhat better activity than ciprofloxacin against S. pneumoniae, is used primarily to treat respiratory tract infections. 

The fluoroquinolones are generally well tolerated.  The commonest side effects are nausea, vomiting and rashes.

LABORATORY TESTS IN ANTIMICROBIAL CHEMOTHERAPY
The antimicrobial susceptibility of the infecting organisms is one of the most important factors to consider when selecting an antibiotic.

There are three main types of susceptibility tests performed in the clinical laboratory.  These are broth dilution tests, agar dilution tests and disk diffusion tests.

1.
Broth Dilution Tests

Serial two-fold dilutions of the antibiotic are prepared in test tubes of broth to span a clinically significant range of concentrations.


An inoculum of bacteria is then added to each tube.  The tubes are incubated overnight and examined for turbidity.


The lowest concentration of antibiotic inhibiting visible growth is the Minimum Inhibitory Concentration or MIC.



ug/ml

8
4
 2
1
  0.5
 0.25


MIC = 1 ug/ml


Dilution Susceptibility Test



In the above example the MIC is 1 mg/L.


If the clear tubes of broth are subcultured to agar plates, it is possible to determine the Minimum Bactericidal Concentration or MBC.  For a bactericidal antibiotic, the MBC is usually the same as the MIC or one dilution higher.


MIC/MBC tests are time consuming for the laboratory to perform and should be restricted primarily to the following indications:


a)
endocarditis patients.


b)
patients who will require prolonged therapy 



eg. osteomyelitis.


c)
patients who are not responding to therapy.


Some laboratories perform their routine susceptibility testing using an automated form of broth dilution.

2.
Agar Dilution Tests

Serial two fold dilutions of the antibiotic are prepared in agar plates to span a clinically significant range of concentrations.


Multiple organisms are inoculated onto each concentration of antibiotic and the plates are incubated overnight and examined for growth.


As before, the lowest concentration of antibiotic inhibiting visible growth is the MIC.


Unlike broth dilution, agar dilution cannot be used to determine the MBC.


Agar dilution can be a cost-effective way to perform routine susceptibility testing if two concentrations of antibiotics are selected as "breakpoints".


Example:




Interpretation:

Growth on cefazolin 8 mg/L


Resistant


and cefazolin 16 mg/L.


Growth on cefazolin 8 mg/L


Intermediate


No growth on cefazolin 16 mg/L.


No growth on either cefazolin 

Sensitive


8 mg/L or cefazolin 16 mg/L.

3.
Disk Diffusion Tests

The majority of laboratories perform susceptibility testing using disk diffusion methodology because such tests are economical, relatively simple to perform and do not require expensive equipment.


A standardized amount of the organism under test is inoculated onto an agar plate in such a way as to produce a "lawn" of growth.


Filter paper disks containing a defined amount of the antibiotics to the be tested are applied to the surface of the agar and the plate is incubated overnight.


Zones of inhibition develop around some of the disks.  The main factor determining the diameter of the zone of inhibition is the MIC of the antibiotic for the organism under test.  Thus it is possible to measure the zone of inhibition in millimetres and report 'sensitive', 'intermediate' or 'resistant' categories by reference to a table.


Whatever the methodology, a 'sensitive' report implies that the organism is readily inhibited by a concentration of antibiotic attainable in the blood.  'Resistant' implies that the organism is not inhibited by normally attainable levels.  An organism with an intermediate susceptibility may respond eg. in the urine, where very high antibiotic concentrations may be achieved.


Antibiotic Assays

It is possible to measure the concentration of antibiotic in blood or body fluids.


The antibiotics most frequently measured are the relatively toxic aminoglycosides.  Aminoglycoside assays are usually performed by immunoassay techniques.  In many of the larger hospitals, the Pharmacy offers a Drug Measurement Service, assisting with the ordering and interpretation of drug levels, including aminoglycoside assays.


Assays for antibiotics other than the aminoglycosides are usually performed by bioassay techniques and are rarely available.  Such assays are time consuming to set up and validate and should not be ordered except in consultation with the Medical Microbiologist and the Infectious Diseases Services.


Serum Bactericidal Levels

It is occasionally felt desirable to determine directly the effectiveness of the antibiotic in the patient's serum against his own infecting organism.


Serial two-fold dilutions of the patient's serum are prepared in test tubes.


An inoculum of the patient's infecting organisms is added to each tube.  The tubes are incubated overnight and examined for turbidity to determine at what dilution the patient's serum is inhibitory to his own organism.


The clear tubes are subcultured to agar plates and incubated overnight to determine at what dilution the patient's serum is bactericidal to his own organism.


The interpretation of this test is controversial, although it is generally accepted that a serum bactericidal titre of 1:8 or greater can be correlated with a successful outcome.


Tests of Synergy

Testing antibiotic combinations for synergy is usually performed in the research laboratory rather than in the clinical laboratory.


There is one important exception.  The optimal treatment of enterococcal endocarditis is a synergistic combination of penicillin plus gentamicin.


Most enterococci are moderately resistant to gentamicin.  In spite of this, the combination of penicillin plus gentamicin is synergistic.  Occasional strains of enterococci exhibit 'high level' resistance to gentamicin.  The combination of penicillin and gentamicin is not synergistic for these strains.


Whenever treating enterococcal endocarditis, request that the laboratory check the isolate for 'high level' gentamicin resistance.  This test is less time consuming to perform than synergy studies and the absence of high level resistance is predictive of penicillin/gentamicin synergy.
ANTIMICROBIAL DRUGS OF CHOICE
Staphylococcus aureus
Antibiotic of choice:    

cloxacillin 1
Alternatives:



cefazolin and clindamycin






for penicillin allergy






vancomycin for MRSA

Coagulase - negative staphylococci
Antibiotic of choice:


cloxacillin

Alternatives:



vancomycin

Streptococcus pyogenes (Group A strep)
Antibiotic of choice:


penicillin G






(penicillin V if given orally)

Alternatives:



1st generation cephalosporin






(cefazolin or cephalexin)






erythromycin

Streptococcus pneumoniae
Antibiotic of choice:


penicillin G 2

Alternatives:



cefuroxime, ceftriaxone, cefotaxime






erythromycin or newer macrolide






levofloxacin

Enterococci
Antibiotic of choice:


ampicillin 3
Alternatives:



nitrofurantoin (urinary






isolates only)






vancomycin

Haemophilus influenzae
Antibiotic of choice:


ampicillin

Alternatives:



cefuroxime, sulfamethoxazole-






trimethoprim (SXT)






3rd generation cephalosporin






(ceftriaxone or cefotaxime)






for meningitis

Enteric Gram-negative bacilli
Antibiotic of choice:


ampicillin 4

Alternatives:



cefazolin, gentamicin






sulfamethoxazole-trimethoprim






(SXT).






ciprofloxacin, third-generation






cephalosporin (ceftriaxone or 






cefotaxime), imipenem, piperacillin/ tazobactam

Pseudomonas aeruginosa
Antibiotic of choice:


ciprofloxacin

Alternatives:



piperacillin, ceftazidime, gentamicin






tobramycin, imipenem.

Bacteroides fragilis group
Antibiotic of choice:


metronidazole

Alternatives:



clindamycin, cefoxitin, piperacillin/ tazobactam, imipenem

Footnotes:
1.
Penicillin G can be used for the small percentage of strains that do not produce (‑lactamase.

2.
Strains with intermediate susceptibility to penicillin G can be treated with high doses of the antibiotic unless they are in CSF when a 3rd generation cephalosporin should be used.

3.
Serious enterococcal infections should be treated with a combination of ampicillin plus gentamicin or vancomycin plus gentamicin.

4.
Almost all strains of Klebsiella  and Enterobacter will be resistant to ampicillin.  More than 60% of E.coli strains and 85% of Proteus mirabilis strains will be sensitive to ampicillin.

PROPHYLACTIC ANTIBIOTICS
Antibiotics are sometimes used to prevent rather than treat infection.  Prophylactic antibiotics do not always work and it is important to know in which conditions it is appropriate to attempt chemoprophylaxis.

The following is a list of some medical, as opposed to surgical, indications for prophylactic antibiotics.


Recurrent urinary tract infections.


Isoniazid prophylaxis for those exposed to open cases of tuberculosis.


Rifampin prophylaxis to prevent secondary cases of meningococcal or H. influenzae meningitis.


Sulfamethoxazole - trimethroprim (SXT) for prophylaxis of Pneumocystis carinii pneumonia in AIDS.


Penicillin to prevent streptococcal throat infections in patients subject to rheumatic fever.

A large proportion of prophylactic antibiotic use is for surgical rather than medical indications ie to prevent post-operative wound infections.

Prophylactic antibiotics in surgery
Surgical wound infection is the second most common hospital acquired infection.  Approximately 300,000 surgical wound infections occur annually in the U.S. at a cost of over $800 million per year.

Whether or not a surgical wound becomes infected depends on host factors eg diabetes, obesity, and wound-related factors eg site of the wound, presence of hematoma.

Improvements in surgical technique, hand washing and skin preparation of the patient plus the use of prophylactic antibiotics have lead to a reduction in surgical wound infections. Nevertheless, the infection rate after "clean" surgery is still 1-5% and the infection rate after "contaminated" surgery may be 10-20%.

The bacteria isolated from wound infections depend on the site of the wound.  Important pathogens are Staphylococcus aureus, coagulase negative staphylococci, E. coli, Bacteroides fragilis and enterococci.

One of the most important determinants of whether surgical wound infection occurs is whether appropriate antibiotic prophylaxis was given at the time of surgery.
Prophylactic antibiotics are not indicated for all surgical operations.  They are of paramount importance in clean surgical procedures when a prosthesis is being implanted eg. total hip arthroplasty.  The rationale is that antibiotic present in the tissues at the time of surgery augments the natural host-defence mechanisms and helps kill any bacteria that may have got into the wound.

At the other end of the spectrum, prophylactic antibiotics have also been shown to be efficacious in contaminated surgery eg colectomy.  The rationale is that the antibiotics, in combination with mechanical bowel preparation, reduce the number of bowel flora organisms which are the major pathogens in wound infection following colon surgery.

It has not been established that prophylactic antibiotics are of benefit when the risk of wound infection is intermediate eg, uncomplicated cholecystectomy.

Choice of prophylactic antibiotics in surgery.
Cefazolin has been used for prophylaxis more than any other antibiotic.

It is used for prophylaxis in cardiac surgery, neurosurgery, orthopedic surgery and gynecological surgery.

Cefazolin has two limitations.  Lack of coverage of the B.fragilis group makes it unsuitable for prophylaxis in colon surgery.  Secondly, a high percentage of cloxacillin-resistance in Staphylococcus aureus or coagulase negative staphylococci may necessitate the use of vancomycin for surgical prophylaxis.

Timing of prophylactic antibiotics in surgery.
Correct timing of antibiotic prophylaxis  in surgery is crucial.  The antibiotics should be given intravenously at the time of induction of anaesthesia.  If the antibiotic is given earlier, eg on the ward, delays in the operating room may result in the patient have inadequate tissue levels of antibiotic at the time of surgery.

Duration of prophylactic antibiotics in surgery.
For most procedures, there is no evidence that more than one dose is necessary unless the surgery is prolonged.  Prolonged use of prophylactic antibiotics in surgery has been associated with pseudomembranous colitis.  Both antibiotic costs and side effects can be reduced by limiting antibiotic prophylaxis to a single dose.

INAPPROPRIATE USE OF ANTIBIOTICS AND THE DEVELOPMENT OF MICROBIAL RESISTANCE
Soon after antibiotics were introduced it was recognized that they were being overused and misused both in the community and in the hospital.  This has resulted in two major problems - huge costs and increased bacterial resistance to antibiotics.

Some of the factors accounting for the inappropriate use of antibiotics are:  

1)
In the community

Prescribing antibiotics for viral infections eg the common 
cold. 


Self administration of antibiotics.

2)
In the hospital

Use of unnecessarily broad-spectrum  antibiotics when the 
susceptibility of the infecting organism is known.  


Wrong dose or duration of therapy.


Inappropriate use of antibiotics for the prophylaxis of surgical infections.


Failure to review sensitivity date after prescribing empirically with a view to "step down" to a narrower spectrum and/or oral agent.

3)
Use of antibiotics in developing countries

In many Asian and South American countries potent antibiotics are sold without prescription.  Frequently, the first reports of bacterial resistance have been from developing countries. eg. organisms causing bacterial diarrhea are far more resistant to antibiotics in these countries than they are in North America or Europe.  

4)
Use of antibiotics in animals

Apart from their veterinary use, antibiotics are used in subtherapeutic concentrations in farm animals for growth promotion.  There is growing evidence to suggest that resistance genes in human pathogens are being selected as a direct consequence of antibiotic use in animals.

SUMMARY OF THE MAJOR RESISTANCE PROBLEMS
Staphylococcus aureus
In the 1940's almost all strains of Staphylococcus aureus were susceptible to penicillin.

However, as early as 1951, more than 70% of hospital strains had become resistant.

The development of the penicillinase-resistant penicillin, cloxacillin in the 1960's was regarded as a great advance.  Unfortunately, resistance to cloxacillin soon developed in Europe although it was not seen in North America to a large extent until the 1980's.  At present MRSA is a major problem in most U.S. cities and some Canadian cities particularly in hospitals and in IV drug users.

Vancomycin is really the only effective antibiotic for treating MRSA.  To date vancomycin resistance has not been reported in Staphylococcus aureus.

Enterococci
Enterococcus is an example of an organism that has developed resistance to every antibiotic in common use.

Enterococci are intrinsically resistant to clindamycin, the cephalosporins and the aminoglycosides and relatively resistant to penicillin and ampicillin.  They are susceptible to vancomycin but are only intermediately susceptible to the new fluoroquinolones.

Normally bactericidal agents such as ampicillin and vancomycin are not bactericidal against enterococci. Bactericidal activity can be achieved by combining ampicillin or vancomycin with an aminoglycoside and this bacterial synergy is essential when treating serious enterococcal infections such as endocarditis.

This bactericidal synergy occurs in spite of the normal intrinsic low level resistance of the enterococci to aminoglycosides.  When high level resistance is present, bactericidal synergy with ampicillin or vancomycin does not occur and there is no reliably bactericidal regimen for these stains.

To make matters worse, (-lactamase producing enterococci were described in 1983.  Most of these (-lactamase producing enterococci also demonstrate aminoglycoside resistance.

The newest and most disturbing trait acquired by enterococci is vancomycin resistance.
In British Columbia we do see enterococci with high level aminoglycoside resistance.  Vancomycin resistant enterococci and (-lactamase producing enterococci are uncommon at present (2000).

Streptococci
While resistance in Streptococcus pneumoniae is starting to become a problem, the vast majority of the streptococci remain susceptible to penicillin.

Penicillin resistance in Streptococcus pneumoniae is due to a mutation leading to an altered penicillin - binding protein.  The majority of penicillin resistant pneumococci in Canada are relatively resistant (MICS 0.1-1 mg/L) and can be treated with high doses of penicillin.  Highly resistant pneumococci (MICS >1mg/L) have been described.  Such strains are frequently resistant to other antibiotics including 3rd generation cephalosporins.  The optimal treatment for such strains is still unclear.

Penicillin resistant pneumococci are still uncommon in British Columbia but have become a major problem in parts of Ontario.

Haemophilus influenzae
In 1974, H.influenzae acquired a (-lactamase that made ampicillin obsolete for the empiric treatment of childhood meningitis.  Fortunately, (-lactamase producing strains of H. influenzae are still susceptible to cefuroxime and 3rd generation cephalosporins.

Rates of (-lactamase production in Canada vary from about 13% in British Columbia to over 40% in Prince Edward Island.

Hospital-acquired Gram-negative enteric bacilli
Organisms such as Pseudomonas aeruginosa started out intrinsically resistant to almost all the early antibiotics apart from the aminoglycosides.  Organisms such as E. coli were 

initially sensitive to early agents such as ampicillin and cefazolin.  E. coli strains have shown a tendency to develop plasmid - mediated resistance to some of these earlier agents.  

When the 3rd generation cephalosporins were first released in the early 1980's  the vast majority of hospital Gram-negative enteric bacilli were susceptible to them.  There have been two main problems.  The first was immediately apparent.  Certain organisms eg. Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, have a chromosomal cephalosporinase which is normally repressed.  Mutation to stable de-repression may occur during  therapy and the stably de-repressed mutants may become the dominant population.  The second problem is the appearance since 1987, of organisms with extended-spectrum (-lactamases.  This is plasmid mediated resistance and affects organisms such as E. coli  and Klebsiella pneumoniae, which had previously been regarded as almost universally susceptible to 3rd generation cephalosporins.

Organisms with extended spectrum (-lactamases can hydrolyze all 3rd generation cephalosporins and the monobactam, aztreonam. Such strains are still relatively uncommon in British Columbia but are a major problem in many U.S. cities, particularly in ICU patients.

MEASURES TO CONTROL INAPPROPRIATE USE OF ANTIBIOTICS IN HOSPITALS
Hospital Formulary
1)
Additions and deletions of new antimicrobials should be recommended by an Antibiotic Subcommittee of the Pharmacy and Therapeutics Committee.

2)
Limit the hospital formulary to the minimum number of antibiotics needed for  effective therapy.

3)
Certain antibiotics should be "restricted", ie. can only be prescribed by certain physicians or services.

4)
Automatic substitutions.  An equally effective but less expensive agent may be substituted by Pharmacy so long as this has been  thoroughly researched, approved by the appropriate hospital committees and education provided.

Guidelines and audits of antibiotic use.
Control of contact between pharmaceutical representatives and staff physicians.

Role of the Microbiology Laboratory.

1)
Restricted reporting.

2)
"Cascade" reporting eg. susceptibility results for 3rd generation cephalosporins are reported only if isolate is resistant to 1st and 2nd generation cephalosporins.
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