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Sequential studies of platelet function were performed in dogs receiving continuous
intravenous carbenicillin (CARB) or ticarcillin (TIC). Dose- and time-dependent plate-
let dysfunction was uniformly observed during the administration of CARB or TIC, 250
to 1000 mg/kg/24 hr. ADP-induced primary and secondarv platelet aggregation was
markedly inhibited within 24 to 48 hours in dogs receiving 750 or 1000 mg/kg/24 hr, but
maximum impairment of aggregation did not occur until 3 to 5 days in dogs receiving
250 or 500 mg/kg/24 hr. Platelet glass bead column retention was abnormal in all dogs
studied, and platelet factor 3 availability was impaired in 91%. Collagen-induced
platelet aggregation was consistently impaired and the bleeding time was prolonged
only during the infusion of . 750 mg/kg/24 hr. Plasma fibrinogen concentrations and
thrombin times remained normal. CARB and TIC infusions resulted in inhibition of 14C-
serotonin release and slightly decreased platelet ADP, while serotonin, ATP, and
ultrastructure remained unchanged. The mutual correction of abnormal platelet aggre-
gation by mixing CARB or TIC platelets with aspirin-treated platelets suggested that
CARB and TIC inhibited the platelet release reaction by a mechanism other than
inhibition of platelet cyclo-oxygenase. The platelet inhibitory properties of CARB and
TIC demonstrated in this study suggest that they may be useful antithrombotic agents.
(Am j Pathol 91:85-106, 1978)

HENMORRHAGIC PHENOMIEN X occurring in patients recei-ing car-
benicillin (a-carboxybenzyl penicillin) (CARB) first suggested that im-
paired hemostasis resulted from treatment with this drug.1q The initial
observations were made in patients w-ith renal failure,1 2 but, shortly
thereafter, other patients with normal renal function were reported to
exhibit cutaneous and mucous membrane hemorrhagic phenomena dur-
ing the administration of large doses of CARB.3'4 Abnormal platelet
function was implicated as the cause of bleeding.3 Platelet aggregation in
response to adenosine diphosphate (ADP) was found to be abnormal in
patients receiving CARB, 500 to 750 mg/kg/24 hr, and the majority had
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prolonged bleeding times.3 Subsequent in citro studies confirmed the
human platelet aggregation inhibitory properties of CARB.3'5'6 The plate-
let release reaction was impaired following the in vitro incubation of
platelets wvith high concentrations of CARB and penicillin G.5 CARB and
ticarcillin (a-carboxv-3-thienvlmethyl penicillin) (TIC) administered to
human volunteers in doses comparable to those commonly used to treat
serious infections uniformlv resulted in impaired platelet function.7'8 A
dose-response relationship between the amount of drug administered and
the degree of platelet dysfunction induced was suggested by these studies.
In addition, the bleeding time was not maximally prolonged until after
several days of drug administration.7'8 Preliminarn studies conducted in
this laboratory 9 also suggested that CARB-induced platelet dysfunction
w-as dose- and time-dependent. To further define the relationship of drug
dose and duration of administration to the severity of platelet dysfunction
induced and to investigate the responsible mechanisms, the effect of
parenteral CARB and TIC on dog platelet function was observed.

Materials and Methods

Animals

Nineteen adult mongrel dogs weighing 15 to 23 kg swere selected from a larger sample of
randoml- chosen animals. These 19 dogs were chosen for study because they had blood
platelets which aggregated maximally with a final ADP concentration of at least 21.2 ,u\
prior to drug administration.

Drug Arninistraton

CARB and TIC (kindly supplied by Beecham Laboratories. Bristol. Tenn.) are semi-
synthetic penicillins whose structures differ in regard to the side chain attached to the
penicillin (6-aminopenicillanic acid) nucleus. CARB is disodium a-carboxybenzyl pen-
icillin and TIC is disodium a-carboxv-3-thienvlmethyl penicillin.'0 They hase a similar
spectrum of antimicrobial activity 11.12
CARB and TIC w ere administered intrasenously (IV) via a polyethylene catheter

inserted in an extremitv vein of each dog anesthetized with sodium pentobarbital using a
modification of the method of Dudrick et al.'3 Following the insertion of the catheter. 5%
dextrose in water w-as infused at a rate of 500 ml 24 hr for 3 to 7 davs. CARB and TIC ,.-ere
diluted with 5% dextrose and administered at a constant rate of 500 ml 24 hr bv means of
an infusion pump for intervals varying from 24 hours to 3 weeks. X ithout apparent adverse
effects on the animals.

Studies Performed
Thirty-five sequential studies were performed in 13 dogs receising continuous IX

infusions of CARB or TIC. The folloswing number of studies was performed at the specified
dose in animals receiving IV CARB or TIC: 250 mg kg 24 hr. 7. 500 mg kg 24 hr. 7: 750
mg kg 24 hr. 6: 1000 mg kg 24 hr. 12; 1500 mg kg 24 hr. 1: 2000 mg kg 24 hr. 2.
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Swn Aadbatk!
Serum concentrations of CARB and TIC were determined by Beecham Laboratories,

Bristol, Tenn., using a petri dish assay method.1' Pseudomonas aerugmosa was the test
organism. A standard curve was constructed bv measurement of zones of inhibition
surrounding wells containing known concentrations of drug.

Blod Dawkt Techniqu
Blood was obtained by jugular venipuncture using a two-svringe technique. Blood was

drawn in plastic syringes and immediately mixed with the appropriate anticoagulant in
plastic tubes.

Plasm PrePa=to
Platelet-rich plasma (PRP) was obtained by centrifugation at 200g for 8 minutes.

Platelet-poor plasma (PPP) was obtained by centrifugation at 2000g for 20 minutes.

Plat Covat
Platelets were counted in EDTA anticoagulated plasma following gravity sedimentation

of ervthrocytes utilizing an electronic particle counter (Coulter Model B) and the method
of Bull et al.

Platelet aggregation was performed in a Payton aggregometer using a modification of
the method of Born and Cross."' PRP anticoagulated with 3.8% sodium citrate (v/v, 9:1)
was diluted to 200,000/cu mm with PPP prior to the addition of aggregating agents. PPP
was used to define the maximum change in optical density obtainable for each specimen.
Platelet aggregation was measured as a percent of this maximum change in optical density.
ADP in final concentrations varying from 1.06 to 212 MM was added to PRP diluted to
200,000/cu mm, and maximum aggregation was recorded. Prior to treatment, most normal
dogs studied had a maximal aggregation response to 5.3 or 10.6 AM, but some required
21.2 MM. Dog tendon collagen prepared from a saline extract of a crude homogenate of
Achilles tendon was also used as an aggregating agent. A normal control dog whose
aggregation response was well documented was studied along with each drug-treated
animal to document the potency of the aggregating agents.

Pla Glass Bed Com Raton
A modification of the method of Bowie et al 17 was used. Nine parts whole blood was

added to 1 part 3.8% sodium citrate containing 10 units of heparin in polycarbonate plastic
tubes. After mixing by inverting gently six times, the blood was immediately passed
through a glass bead column containing 5.2-g glass microspheres (Superbrite, 3M Com-
pany, St. Paul, Minn.) at a speed of 3.9 ml/min. Each study was done in duplicate, and the
mean of the two determinations was used for comparison. Counting the platelets in the
fourth milliliter to emerge from the column, normal platelet retention was found to be 92
± 4.9% (mean ± 1 SD) in 100 determinations performed on blood from 28 normal dogs.

cink
The bleeding time was determined by a modification of the template method of Mielke

et al.l' A No. 1 I surgical blade fixed in a blade holder and guided by a template was used to
make an incision 1 cm long and 1.5 mm deep in the clean-shaven skin of the lateral distal
foreleg of the dog. A blood pressure cuff was inflated to 40 mmHg around the proximal leg,
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and the pressure was maintained during the duration of bleeding. The mean bleeding time
(three incisions) for normal dogs was 2.7 ± 0.9 (mean ± 1 SD) in 117 determinations
performed on 25 normal dogs. The range was 1.5 to 5 minutes.

Platelet Factor 3 Availabity
The method of Hardisty and Hutton 19 was modified so that the concentration of

platelets in the PRP was adjusted to 50,000 cu mm by the addition of PPP. Two-tenths
milliliter of this dilute PRP (PRP- D) was incubated for 20 minutes with 0.2 ml of kaolin (5
mg /ml) suspended in buffered saline. After the addition of 0.1 ml of calcium chloride
(0.035 NI), the clotting time was determined. Each study was done in duplicate and control
studies were performed with each determination. The control tubes contained either PRP-
D plus buffered saline or PPP plus kaolin. The clotting time for the kaolin incubated PRP-
D (PF-3 clotting time) was 31.0 ± 3.7 seconds (mean ± 1 SD) in 100 determinations
performed on blood from 27 normal dogs.

Platelet Ulrastucture
Platelet ultrastructure was studied before and after the administration of CARB or TIC

by the method of White32

Platelet Adenie Notides
Total platelet adenine nucleotides, ADP, and ATP were measured by the firefly lucif-

erase method of Holmsen et al,21 using the extraction procedure of Rao et al.22

Plteet Srotonm Content
Endogenous platelet serotonin was measured by the perchloric acid extraction method

of Rao et al.22

Pltelet 14C-ot Release
The release of 14C-labeled serotonin following exposure of platelets to aggregating

agents in vitro was studied by the method of Jerushalmy and Zucker 2 modified by White
et al.24

Platelt Mimg Stdies
Equal numbers of platelets obtained from dogs treated with CARB or TIC and from

dogs treated with oral aspirin were mixed with normal platelets and with each other, and
their aggregation response to ADP and collagen was observed. Aggregation responses and
release of 14C-serotonin were studied by the method of Gerrard et al.n

In Vitro Studies
The in vitro effects of CARB and TIC on platelet aggregation were evaluated after the

addition of either drug to PRP. Platelet aggregation in response to ADP and collagen was
observed after incubation at 37 C for up to 2.5 hours. The aggregation responses obtained
with platelets incubated with drug were compared with those of PRP incubated at 37 C for
the same period.

FrIoen
Plasma fibrinogen was determined before and during drug administration in 10 studies

by the thrombin clottable method of Swaim and Feders.1 Pretreatment fibrinogen values
ranged from 178 to 462 mg /100 ml.
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Thrombin Time

The thrombin time (TT) was determined before and during drug administration in 10
dogs by a modification of the method of Penner." The normal TT for this method was 13.7
± 1.69 seconds (mean ± 1 SD) in 54 normal dogs.

Statistical Methods

The significance of differences between mean values was determined by the Student t
test. "

P values of 0.05 or less were considered significant.

Results

Contr Infuin

Prior to the administration of CARB or TIC, platelet count, platelet
glass bead column retention, and platelet aggregation studies were per-

formed at 24- to 48-hour intervals for 3 to 7 days during the infusion of 5%
glucose until platelet function studies were normal and stable.

Serwm Antieotc Concentrtio

The mean concentrations of drug found in the dogs' plasma during
continuous IV infusion of several doses are recorded in Table 1. Serum
drug concentrations were found to be proportional to the dose of drug
administered. Although the serum concentrations attained during the
infusion of TIC were consistently higher than those found with the same

dose of CARB, equivalent effects on platelet function were observed when
equal doses of the two drugs were administered. Therefore, the data
obtained from studies done with equivalent drug doses were pooled for all
the subsequent analyses.

Table 1-Serum Drug Concentration During Intravenous Administration of CARB and TIC

Drug concentration (gg/ml)
Dose Duration No. of

Drug (mg/kg/24 hr) (hr) studies Mean Range

Carbenicillin 250 4-24 4 22.1 7.4-40.7
500 4-24 4 63.9 42.6-76.5
750 4-24 4 83.7 49.1-109.7
1000 4-24 5 154.9 80.0-367.8
1500 72 1 360.0 360.0

Ticarcillin 250 4 2 65.0 52.9-77.1
500 4 2 100.7 75.1-126.4
750 4-24 3 122.2 53.7-173.6
1000 4-48 5 183.1 82.4-270.5



90 JOHNSON ET AL American Joumal
of Pathology

Platel Count

The peripheral blood platelet count remained in the normal range
during all but 3 of 35 studies. Three dogs receiving CARB or TIC, > 1000
mg/kg/24 hr, had nadir platelet counts of 99,000, 92,000, and 28,000/cu
mm. Prompt recovery occurred when the drug was discontinued.

Pate Functo Studes

ADP-lnduced Aggregation

Platelet aggregation in response to ADP was decreased in all 35 studies
and in all 15 animals receiving CARB or TIC. The degree of inhibition
induced and the rate at which the defect developed varied with the dose
administered within the range of 250 to 1000 mg/kg/24 hr (Table 2, Text-
figure 1). Impaired ADP-induced aggregation was noted in individual
studies as early as 4 hours after the drug infusion was begun. Compared
with pretreatment values, mean ADP-induced aggregation was signifi-
cantly decreased at 24 hours during the infusion of 500 to 1000 mg/kg/24
hr and at 48 hours during the infusion of 250 mg/kg/24 hr. Thereafter,
mean ADP-induced aggregation became progressively more decreased with
continued drug administration. Following administration of 1000 mg/
kg/24 hr, maximum inhibition of the aggregation response was observed
at 24 to 48 hours, although it did not occur until 5 to 7 days when 250 mg/
kg/24 hr was administered (Table 2, Text-figure 1). Doses of 250 and 500
mg/kg/24 hr did not result in significantly different aggregation responses
up to 5 days, and doses of 750 and 1000 mg/kg/24 hr did not result in
significantly different aggregation responses at 48 hours. Therefore, the
data were pooled for low-dose (250 and 500 mg/kg/24 hr) and high-dose
(750 and 1000 mg/kg/24 hr) studies, and their effects on ADP-induced
aggregation were evaluated. The differences between the mean ADP-
induced aggregation response of the high- and low-dose groups were
significant at 24 hours, 48 hours, and 72 hours, but at 5 days the mean
aggregation responses of the two groups were not significantly different.

In 7 dogs receiving 250 to 100 mg/kg/24 hr the infusions were
continued for 9 to 21 days. ADP-induced aggregation responses were not
significantly different from those observed at 5 or 7 days.
Abnormal ADP-induced aggregation developed in three stages. The

first stage, noted within 4 to 24 hours, was a change from the usual single-
phase response observed in dogs to a two-phase response similar to that
seen with human platelets. The second stage, usually observed within 24
hours, was a slight to moderate decrease in aggregation, apparently due to
inhibition of the secondary phase of ADP-induced aggregation. Deaggre-
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TEXT-FIGURE 1-ADP-induced platelet aggrega-
tion in dogs receiving CARB or TIC intravenously
(solid circles. 250 mg kg 24 hr [7 studies]; open

circles. 500 mg kg 24 hr [8 studies]; open triangles.
750 mg kg 24 hr [6 studies]; solid triangles. 1000
mg kg 24 hr [ 12 studies]). Aggregation is expressed
as a percent of the maximum pretreatment response

obtained with a minimum concentration of ADP.
Each point represents the mean of two to seven

determinations calculated from pooled CARB and
TIC studies.

Day

gation usually followed this suboptimal response (Text-figure 2). The
third stage, observed at 24 hours and thereafter, was characterized by
marked inhibition of the secondary phase of aggregation and variable
degrees of inhibition of the primary phase (Text-figure 2). This sequence

developed more rapidlyMwith higher drug doses, but the second and third
stages were observed consistently.

Although a comparable degree of inhibition of the platelet response to
the minimum concentration of ADP (required to produce maximum
aggregation prior to treatment) was achieved by lower (250 and 500 mg/
kg/24 hr) and higher (750 and 1000 mg/kg/24 hr) doses of drug after 5

days (Table 2), a more severe defect was induced by higher doses. Higher
concentrations of ADP were able to overcome the aggregation inhibition
induced by lower doses of drug (250 and 500 mg/kg/24 hr), but 4 to 10
times the minimum concentration of ADP resulted in suboptimal aggre-

gation following treatment with 730 and 1000 mg/kg/24 hr (Table 2,
Text-figure 3).

TEXT-FIGLRE 2-Sequential studies of
ADP-induced (21.2 uLM final concentra-
tion) platelet aggregation in 1 dog re-

ceiving TIC (500 mg kg 24 hr) intra-
venouslv for 9 days. T = change in
hght transmission.

0

S

4

A IV,
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TEXT-FIGURE 3-Sequential studies of ADP-induced platelet aggregation in 1 dog receiving CARB.
2;0 mg kg 24 hr (left), compared with ADP-induced platelet aggregation in 1 dog receiving CARB,
1000 mg kg 24 hr (right), intravenously for 5 days. The final ADP concentration used to induce
aggregation is indicated for each curs e. T = change in light transmission.

Collagen-induced Aggregation

Platelet aggregation in response to dog tendon collagen was much less
inhibited by CARB or TIC than was ADP-induced aggregation. At doses
of 250 and 500 mg/kg/24 hr, collagen-induced aggregation was generally
unchanged or only slightly decreased (Table 3, Text-figure 4). Usually the
interval between the addition of collagen and the onset of aggregation
was slightly prolonged, and occasionally aggregation was slightly de-
creased. NMore variable responses were noted with 750 mg/kg /24 hr, but
1000 mg/kg/24 hr usually resulted in marked inhibition of aggregation
(Table 3, Text-figure 4). Nlean collagen-induced aggregation at 48 and 72
hours wvas not significantly different from pretreatment values when doses
of 250, 500, and 730 mg/kg/24 hr were administered. From 48 hours to 5
days, however, mean collagen-induced aggregation was significantly im-
paired during the infusion of > 1000 mg/kg/24 hr (Table 3). Collagen-
induced aggregation was decreased to less than 50%7 of pretreatment
aggregation in 8 of 11 dogs receiving > 1000 mg/kg/ 24 hr for :3 to 7 days.
Bleeding times were determined in 6 of these 8 dogs. Five of the six had
prolonged bleeding times (>5 minutes). Drug-induced inhibition of ag-
gregation was more readily overcome by increasing the concentration of
collagen than it was with ADP (Table 3).

Platelet Glass Bead Column Retention

Platelet retention in glass bead columns wvas decreased during all stud-
ies. Abnormal platelet retention was observed as early as 4 hours, and
within 24 hours after the initiation of the drug infusion the mean platelet
retention was significantlx decreased (70% or less) in each of the four drug
dose groups (Text-figure 5). As wvith platelet aggregation, the inhibition of
platelet retention was dose- and time-dependent. Although these relation-
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Pre PK

6
- 3Days

-7 Days

TEXT-FIGrRE 4-Sequential studies of collagen-induced aggregation in 1 dog receiving CARB, 500
mg kg 24 hr (left), compared with collagen-induced aggregation in 1 dog receiving CARB, 1000 mg
kg 24 hr (right), intravenouslv. The same final concentration of collagen was used for the pre-
treatment and posttreatment studies. A T = change in light transmission.

ships were more variable than those observed with ADP-induced aggrega-
tion, in general, higher drug doses (730 and 1000 mg/kg/24 hr) resulted
in lower platelet retention which developed more rapidly than when lower
doses (250 and 500 mg/kg/24 hr) were administered. The mean differ-
ences between the low-dose and high-dose groups were significant at 48
hours and 7 davs. However, the maximum degree of impairment of
platelet retention attained after 7 days was similar for each drug dose
(Text-figure 5).

Bleeding Time

The template bleeding time was determined sequentially during 20
studies in which the platelet count remained normal. Prolongation of the

c

iC

O 1 2 3 4 5 6 7 8 9 K) 11 t2 13 14

Days

TEXT-FIGlURE 5-Platelet glass bead column retention in dogs receiving CARB or TIC intravenously
qsolid circles, 250 mg kg 24 hr [6 studies]; open circles, 500 mg kg 24 hr [7 studies]; open triangles.
750 mg kg 24 hr [6 studies]. solid triangles. 1000 mg kg 24 hr [6 studies]). Each point represents the
mean of two to six determinations calculated from pooled CARB and TIC studies.
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bleeding time (>5 minutes) w%as observed in 2 of 7 dogs receiving CARB
or TIC, 250 or 300 mg/kg/24 hr; 6 of 12 dogs receiving 750 or 1000 mg,
kg/24 hr had a prolonged bleeding time. One dog receiving 2000 mg/kg/
24 hr also had a prolonged bleeding time. With two exceptions the
template bleeding time was prolonged only when collagen-induced ag-
gregation was markedly impaired (<50% pretreatment aggregation)
(Text-figures 6 and 7). Although mean platelet glass bead column reten-
tion was slightly- lower in the dogs that developed prolonged bleeding
times, it was significantly decreased in both groups (Text-figures 6 and 7).
Prolongation of the bleeding time was related primarily to inhibition of
collagen-induced aggregation produced by higher drug dosage.

Platelt Factor 3 (PF-3) Availability

The PF-3 clotting time was prolonged (>5 seconds beyond pre-
treatment time) during 91% of the 22 studies in which this test was
performed. PF-3 clotting times greater than 2 standard deviations beyond
the mean of normal dogs occurred during 8 of 12 CARB studies and 3 of 8
TIC studies.

Platelet Ultrastructure

The ultrastructure of platelets from 4 dogs receiving CARB or TIC, 250
to 1000 mg/kg/24 hr, w,as examined. Platelet aggregation defects typical
of those described for animals receiving low- and high-dose antibiotic
w.ere observed in these dogs. The ultrastructure of platelets from the
CARB- or TIC-treated animals did not differ from that of untreated
control dogs.

750

250 *'.,, __25 I- _ , _

-t2 TEXT-FIGLRE 6-Bleeding time
(circles), collagen-induced platelet
aggregation (Xs), and platelet glass

E bead column retention (triangles)
E in 9 dogs receiving CARB or TIC
Ie .500 to 1000 mg kg 24 hr) intra-

-6 v-enously. whose bleeding time re-
6 mained normal during treatment.

C Each point represents the mean of
two to nine determinations calcu-

_3 lated from pooled CARB and TIC
studies.

I l l l l l~~~I
0 1 2 3 4 5 6 7
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TEXT-FIGURE 7-Bleeding time
(circles). collagen-induced plate-
let aggregation Xs). and platelet
glass bead column retention (tn-
angles) in 9 dogs receiving CARB ° c
or TIC (500 to 2000 mg kg 24
hr). swhose bleeding time w as pro-
longed during treatment. Each < t
point represents the mean of two
to nine determinations calculated
from pooled CARB and TIC stud-
ies.

E

co

0 1 2 3 4 5 6 7
Day

Platelet Serotonin, ADP, and ATP

Although a slight to moderate decrease in platelet ADP (15 to 61 % ) w%as
observed during 4 of 5 studies following the administration of CARB or
TIC for 3 to 7 days, only 1 dog receiving TIC, 750 mg/kg/24 hr, had a
decrease in ADP of more than 50%. Platelet serotonin and ATP did not
change significantly compared with pretreatment values (Table 4). The
platelet ATP/ADP ratio and serotonin content remained within the nor-
mal range observed in our laboratory during all studies. No relationship
between platelet aggregation responses and platelet serotonin or adenine
nucleotides was suggested by these studies (Table 4).

14C-Serotonin Release

The release of radioactivity from platelets incubated with 14C-serotonin
before exposure to aggregating agents -as markedly inhibited by CARB
or TIC, 1000 mg/kg/24 hr, administered to 3 dogs for 3 to 6 days (Text-
figure 8). Inhibition of 14C-serotonin release w%as accompanied by marked
inhibition of ADP aggregation in response to lower concentrations of ADP
(5.31 to 10.6 .uM), but suboptimal aggregation (60 to 70% of pretreatment
aggregation) could be induced writh higher concentrations of ADP (21.2 to
42.2 qMM) in spite of markedly impaired 14C-serotonin release (Text-Figure
8).

Mixing of CARB or TIC and Aspirin Platelets

Dog platelets rendered unresponsive to aggregating agents following
the administration of CARB or TIC and aspirin were mixed in equal pro-
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TEXT-FIGURE 8-ADP-induced platelet aggregation and "4C-serotonin release in 3 dogs before and
during the administration of CARB or TIC (1000 mg kg 24 hr) intravenously for 3 to 6 days. Each
point represents the mean of two to four determinations calculated from pooled CARB and TIC
studies.

portions and observed following the addition of ADP and collagen. NMutual
correction of aggregation defects was observed (Text-Figure 9). CARB
platelets were as effective as normal platelets in correcting the ADP and
collagen aggregation defect of aspirin platelets, but '4C-serotonin release
following the addition of ADP was greater when normal platelets were
mixed with aspirin platelets than when CARB platelets were mixed with
aspirin platelets (Table 5).

In Vitro Studies

PRP was incubated at 37 C with CARB or TIC, 250 to 1000 ,g/ml, for
intervals of up to 2.5 hours. Fourteen studies were performed. No inhibi-

TEXT-FIGURE 9-M utual cor-
rection of collagen-induced ag-
gregation by mixing an equal
number of platelets from aspi-
rin- and TIC-treated dogs. The
aggregation response using the
same concentration of collagen AM.T
(1:200 final dilution) w-as equal

Aspirmn
+

lormol
(1:1)

to that obtained by mi.xing
platelets from aspirin-treated AT spirinand normal dogs. A T = change -

in light transmission.
ATIc iailin

LT P_%,
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Table 5-Correction of the Defect in ADP-lnduced Release of "C-Serotonin From the Platelets
of 2 Aspirin-Treated (AT) Normal Dogs When the AT Platelets Were Mixed With Platelets
From Normal and CARB-Treated Dogs

Pellet Supernatant l4C release
(X 103cpm) (X 103cpm) (%)

Normal platelets 28.3 1.85 6.0 ±0.05*
AT platelets +
ADP 5.3MM 28.6 1.20 3.9 ± 0.20
ADP21.2MAM 27.9 1.73 5.7 ± 1.00

AT platelets and normal platelets +
ADP 5.3MM 21.5 8.0 27.0 ± 0.80
ADP 21.2MM 15.6 14.2 47.7 ± 0.40

AT platelets and CARB platelets +
ADP 5.3MM 26.6 3.1 10.4 ± 0.80
ADP 21.2 AM 22.0 7.9 26.3 ± 0.40

* SEM

tion of platelet aggregation in response to ADP or collagen was observed
when compared with control platelets following incubation for 1 hour
with anv of the drug concentrations studied. After 2 hours of incubation
drug concentrations of >700 jg/ml resulted in slight inhibition of the
secondarv phase of ADP-induced aggregation, but no drug effect on
collagen-induced aggregation was observed.

Plasma Fibrinogen

Plasma fibrinogen was determined before and during treatment in 10
dogs receiving CARB or TIC, 500 to 2000 mg/kg/24 hr. Nine of these 10
dogs received .1000 mg/kg/24 hr. No significant change in plasma
fibrinogen was noted in dogs receiving 500 to 1500 mg/kg/24 hr. In 1 dog
the administration of CARB, 2000 mg/kg/24 hr, was associated with a fall
in plasma fibrinogen from 352 to 53 mg/100 ml after 48 hours.

Thrombin Time

No significant change was noted in the thrombin time during the
administration of CARB or TIC, 1000 mg/kg/24 hr, to 10 dogs for 3 to 9
days.

Recovery of Platelet Function

Sequential studies of recovery of platelet aggregation were carried out
over a period of 7 to 21 days following 23 studies. Full recoverv of
pretreatment aggregation responses was observed at 72 hours to 21 davs
following 19 studies. Platelet aggregation returned to normal within 7
davs in 18 of these 19 studies. Platelet aggregation in 1 dog was signifi-
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cantlv improved at 4 davs, but full recovery did not occur until 21 days.
Four dogs were improved, but they had not attained pretreatment aggre-
gation responses when observations were discontinued after 7 to 12 davs.
Collagen-induced aggregation improved more rapidly than ADP-induced
aggregation.

Discussion
The results of this study indicate that clearlv defined platelet dysfunc-

tion occurs uniformlv in dogs receiving parenteral CARB or TIC. The
type of platelet dysfunction observed in dogs receiving CARB or TIC is
nearly identical to that observed following the administration of these
antibiotics to humans.7'8 Inhibition of ADP-induced aggregation, the most
sensitive indicator of the effects of CARB 7 and TIC I on human platelets,
was observed in all dogs studied. The secondary wave of ADP-induced
aggregation was uniformly impaired, and marked inhibition of the pri-
marv wave of ADP-induced aggregation was observed following the ad-
ministration of higher drug doses, a phenomenon observed in humans
receiving TIC.8 Collagen-induced aggregation was much less inhibited
than ADP-induced aggregation in the dogs, as it is in humans.7'8 Platelet
retention in glass bead columns, possibly related to the depressed "plate-
let adhesiveness" to glass observed by McClure et al,3 was also uniformly
inhibited in dogs receiving CARB or TIC. Platelet factor 3 availability was
decreased in 91% of dogs receiving CARB or TIC, a finding of similar
significance to the frequently shortened serum prothrombin times ob-
served in humans receiving CARB 7 and TIC.8 Although prolongation of
the bleeding time was observed in dogs only when collagen-induced
aggregation was significantlv impaired, a relationship not observed in
humans, the bleeding time was more often prolonged with higher drug
doses in both dogs and humans.7'8 The striking similaritv of the platelet
functional abnormalities observed in the dog to those previouslv described
in humans indicates that the observations made in the present study are
applicable to human platelet dysfunction induced by CARB and TIC.
The cumulative effects of CARB and TIC on platelet function observed

in the present study precisely define the time and dose-response relation-
ships only suggested bv previous observations in humans. Brown et
al 7,8 administered CARB and TIC to human volunteers. They observed a
higher frequency of prolongation of the bleeding time and a longer
duration of bleeding in those who received higher doses of either drug
(CARB, 600 mg/kg/24 hr; TIC, 300 mg/kg/24 hr) compared with those
who received lower doses (CARB, 300 mg/kg/24 hr; TIC, 100 mg/kg/24
hr). Prolongation of the bleeding time did not occur until after 2 to 7 days
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of treatment, and maximum prolongation occurred after 3 days. The
primary wave of ADP-induced platelet aggregation was decreased follow-
ing the administration of TIC, 300 mg/kg/24 hr, to human volunteers,
but doses of 100 and 200 mg/kg/24 hr did not inhibit the primary wave of
aggregation.8 Inhibition of clot retraction was more marked following 400
mg/kg/24 hr of CARB than 300 mg/kg/24 hr.7 Studies of the effect of
parenteral penicillin G 2931 and ampicillin 1* on human platelets similarly
suggested that platelet dysfunction induced by penicillins is dose-depen-
dent, but none of these studies defined a precise dose-response relation-
ship.

In vitro studies have also indicated a relationship between the concen-
tration of CARB, TIC, or penicillin G to which platelets are exposed and
the resulting degree of platelet aggregation inhibition,5 29 but the signif-
icance of these observations is questionable since the drug concentrations
required to inhibit platelet aggregation in these studies are far in excess of
those found in humans with normal renal function receiving therapeutic
doses.
The present study clearly establishes and defines the dose- and time-

dependent nature of CARB- and TIC-induced platelet dysfunction sug-
gested by previous studies. Within the dose range of 250 to 1000 mg/kg/
24 hr administered by continuous IV infusion, the degree of platelet
dysfunction and the rapidity with which it develops is proportional to the
dose of CARB or TIC. The in vitro drug effects observed in the present
study also indicate that inhibition of aggregation is dose-related; however,
drug concentrations 15 to 45 times the mean concentrations found in the
plasma of dogs with significant aggregation inhibition were required to
produce slight inhibition of ADP-induced aggregation in vitro. The fact
that aggregation inhibition was not observed until after 2 hours of in-
cubation confirms the time-related nature of the drug effect observed in
vivo. The failure of studies of short-term infusions of CARB" and TIC32
and short-term incubations of CARB in vitro7 to demonstrate impaired
platelet aggregation may be explained by the fact that the drugs were not
administered or incubated with platelets for a sufficient period.
The total drug doses administered to dogs in this study ranged from

below to significantly above the usual therapeutic dose of CARB used to
treat human Pseudomonas infections."s However, the serum drug concen-
trations attained were predictably lower than the peak levels observed in
humans given similar total doses administered by the usual rapid inter-
mittent infusions.7 Continuous infusions of CARB or TIC yield serum
drug concentrations approximately 30 to 75% of those attained by rapid
IV infusion of the same total dose.10 ` The range of serum drug concen-
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trations observed in this study during the continuous IV administration of
CARB in doses of 500 and 750 mg/kg/24 hr (42.6 to 109.7 Ag/ml) is
comparable to that observed 1 to 2 hours after rapid IV infusion in
humans receiving CARB in standard therapeutic doses of 300 and 400
mg/kg/24 hr (39.1 to 142.8 Mg/ml).7 Since the serum drug concentrations
of CARB or TIC observed in this study were directly proportional to the
total drug doses administered by continuous IV infusion, and since the
severity of platelet dysfunction and the rapidity with which it developed
were also proportional to drug dose, -it is likely that the serum drug
concentration is an important determinant of the severity of the platelet
functional deficit induced.
The observations made in this study regarding the mechanism of plate-

let dysfunction induced by CARB or TIC indicate that these drugs admin-
istered in therapeutic doses significantly inhibit platelet 14C-serotonin
release. Although similar observations have been made following ex-
posure of human platelets to penicillin G and CARB and rabbit and pig
platelets to penicillin G,5 extremely high drug concentrations were re-
quired to inhibit release in washed platelets. The failure of in vitro
incubation of platelets with concentrations of CARB or TIC equal to those
obtained following parenteral drug administration to inhibit platelet ag-
gregation in the present study confirms similar observations in humans.7
In contrast, the current study indicates that inhibition of the platelet
release reaction occurs with normal therapeutic drug concentrations when
CARB and TIC are administered parenterally.
The mechanism by which CARB and TIC inhibit the release reaction is

not defined by the present study. Although the impairment of the primary
phase of ADP-induced aggregation may have resulted in inhibition of the
release reaction, markedly decreased 14C-serotonin release was docu-
mented despite normal primary aggregation in response to 21.2 and 42.4
MM ADP. Penicillin G binds to erythrocyte membranes,-"- and both
penicillin G and ampicillin are strongly bound to phospholipids,3" promi-
nent constituents of platelets.40 Although the penicillins have not been
demonstrated to bind to platelet membranes, it has been postulated that
penicillin G, CARB, and TIC inhibit platelet responsiveness to aggregat-
ing agents by coating platelets and blocking sites on the platelet surface,
where aggregating agents exert their effects.'6, However, the aggregation
responses observed with high concentrations of ADP, in the present study,
which occurred despite marked inhibition of 14C-serotonin release, sug-
gest that the mechanism is more complex than simple inhibition of
membrane receptors.
Although inhibition of platelet cyclo-oxygenase 41 could explain CARB-
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and TIC-induced impairment of "4C-serotonin release, the mixing experi-
ments performed with aspirin-treated platelets in the present study do not
provide support for such a mechanism. Decreased platelet ADP following
CARB or TIC administration could contribute to impaired platelet aggre-
gation, but the modest and inconsistent degree of decrease in platelet
ADP observed in the present study is unlikely to account for the marked
inhibition of aggregation observed. Similar modest decreases in platelet
ADP were observed infrequently following the administration of ampicil-
lin and methicillin to human volunteers.30 The normal platelet serotonin,
ATP, and ATP/ADP ratio and ultrastructure observed following CARB
and TIC administration in the present study indicate that acquired stor-
age pool deficiency42 did not result from exposure to these drugs.

Prompt recoverv of function occurred in some dogs after CARB or TIC
was discontinued, but the majority did not recover fully until 7 to 21 days.
Whatever the mechanism of CARB- and TIC-induced platelet dysfunc-
tion, this pattem of recovery suggests an irreversible alteration of platelet
function and possibly an effect on megakaryocytes.7'5
The data obtained in the present study indicate that CARB and TIC

impair platelet function by a complex dose- and time-dependent mecha-
nism which is similar for both drugs. This mechanism remains in-
completely defined. Decreased responsiveness to aggregating agents may
be a result of drug binding to the platelet membrane, but decreased
sensitivity to aggregating agents does not appear to be fully responsible
for the platelet dysfunction observed. The mechanism by which CARB
and TIC inhibit the platelet release reaction appears to be different from
that induced by aspirin; therefore, it is of considerable theoretic interest.
Further studies designed to elucidate the mechanisms of CARB- and TIC-
induced platelet dysfunction are in progress.

Although high concentrations of CARB result in impaired conversion of
fibrinogen to fibrin,"-u the observations made in the present study sup-
port the contention of Brown et al7, that hemorrhage in humans receiving
CARB may result from impaired platelet function in the absence of
impaired fibrin formation.
The predictable impairment of platelet function which follows CARB

and TIC administration and the dose-response relationship demonstrated
in the present study suggest that these and other penicillins may be useful
antithrombotic agents. Since they appear to inhibit platelet function by a
mechanism other than inhibition of platelet cyclo-oxygenase, further
study of their antithrombotic potential is warranted.
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