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Abstract. Ten normal  adult tobacco smokers  and 10 non- 
smoking volunteers 20-31 years of age were the subjects 
of this study. The tobacco smokers all had a history of daily 
tobacco smoking. They were asked to stop smoking for 
12 hours prior to testing. The Hof fmann  (H) reflex and its 
recovery cycle were measured on different days before  
and just after smoking one nonfil tered 0rag,  low 
(0.27 rag), or high (2.16 mg) nicotine containing cigarette 
in a randomized order. Blood samples were drawn imme- 
diately after the H reflex recordings in the tobacco 
smokers. The blood samples were centrifuged, the plasma 
removed,  frozen, and later assayed for nicotine and co- 
tinine levels. 

Nonsmokers  compared  to tobacco smokers  before  
smoking only had a tendency for enhanced amplitude of 
the recovery cycle. After  smoking the nicotine containing 
cigarettes, the tobacco smokers  had a depression of the 
amplitude of the H reflex recovery cycle. The amplitude 
of the H reflex recovery cycle at 160 ms was reduced. This 
decreased significantly with increasing plasma nicotine 
and cotinine concentrations. Individual differences were 
marked.  

The data obtained are consistent with evidence in ani- 
mals that  nicotine and tobacco smoke stimulate Renshaw 
inhibitory neurons in the spinal cord, either directly or in- 
directly which leads to a skeletal muscle relaxant effect. 
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The Hof fmann  (H) reflex is the electrophysiological 
equivalent of  the ankle jerk that allows measurement  of its 
recovery cycle. Inasmuch as the ankle jerk is easy to elicit 
clinically, the H reflex equivalent is used primarily as a re- 
search tool. The H reflex recovery cycle provides an ob- 
jective measure  of  the excitability of the a lpha-motoneu-  
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ron pool  in the spinal cord [1-3]. This technique has been  
used to study a variety of pharmacological  agents [4-6] in- 
cluding nicotine and tobacco smoking [7, 8] in human vol- 
unteers. The purpose of the present  study was to compare  
the recovery cycle of normal  nonsmokers  and tobacco 
smokers before and after the latter smoked various ciga- 
rettes of varying nicotine content. It  was postulated that  
normal  nonsmokers  would have a slightly enhanced H re- 
flex recovery cycle compared  to tobacco smokers. Fur- 
thermore,  it was postulated that  depression of the H reflex 
recovery cycle would be positively correlated with plasma 
nicotine levels because nicotine stimulates Renshaw in- 
hibitory neurons. This repor t  describes the results ob- 
tained which confirm both hypotheses.  The clinical rele- 
vance of a slight depression of the H reflex in tobacco 
smokers is that  they have a skeletal muscle relaxant effect 
compared  to nonsmokers.  

Subjects and methods 

All procedures involving experiments on human subjects were done 
in accord with the ethical standards of the Helsinki Declaration of 
1975. Two separate groups of healthy Japanese subjects were stud- 
ied. The first were nonsmokers and the second tobacco smokers. Al- 
though 12 nonsmokers were selected, two had very poor H reflexes 
and hence 10 were actually studied. They varied in age from 23 to 
31 years with a mean of 25.9 years. Three were women and 7 were 
men. Ten normal tobacco smokers who inhaled and smoked at least 
1/2 pack of cigarettes or more per day were also studied. They varied 
in age from 20 to 31 with a mean of 22.8 years. Two were women and 
8 were men. The subjects were asked to stop smoking the night be- 
fore so they were deprived of cigarette smoking for about 12 h at the 
time of each experiment. They were recruited by word of mouth and 
paid a nominal remuneration for their time and participation. 

H reflex recovery cycle 

The methods used were similar to those described by Hugon [9]. 
Each subject was placed in a supine position in a relaxed state with 
the right leg draped over the side of the bed in order to measure 
skeletal muscle contraction. The limb was restrained appropriately. 
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A Nicolet Pathfinder I was used in this study. The amplifier band- 
pass was 75 to 1500 Hz. The first stimulus ($1) was applied to the left 
popliteal space for stimulating transcutaneously the posterior tibial 
nerve with a bipolar electrode. The cathode was placed centrally and 
the anode distally. A square wave pulse of 0.5 ms every 2 s was ap- 
plied via the skin electrodes. The voltage amplitude of the subject's 
electromyographic response of the calf (soleus) muscle was re- 
corded as the direct muscle (M) response. At  the site of maximal re- 
sponse, a bipolar E M G  electrode was placed over the soleus muscle 
with a ground between the stimulating and the recording electrodes. 
The stimulating and recording electrodes were placed so that a maxi- 
mal H response was obtained with a minimal M response from the 
normally relaxed soleus muscle. The Nicolet was programmed to 
provide 16 channels of data. Channel 1 always displayed the first H1 
response as the control. The other 15 channels displayed additional 
H2/H1 responses at 20 ms intervals. The second stimulus ($2) was 
elicited at 60, 80,100,120,140,160,180, 200, etc. ms following $2. The 
data obtained were expressed as the ratio of the amplitude of H2 to 
that of H1 response at different msec intervals in order to determine 
the recovery cycle of the H reflex. The H2/H1 ratio is an index of the 
local alpha motoneuron pool excitability for the interval between 
the $1 and $2 stimuli [1-3]. 
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Fig.1. Reproducibility of the mean recovery cycle of the Hoffmann 
reflex of ten tobacco smokers in the morning twelve hours after stop- 
ping smoking on three different occasions. - - [ ~ - -  Free; - - ! N -  low; 
- - l - - h i g h  

Experimental design 

Subjects from both groups were asked to come to the laboratory in 
the morning between 08.30 and 10.00 h after a light breakfast. 
There were no restrictions on food or drinks. Nonsmokers were 
asked to avoid smokers. Tobacco smokers were asked not to smoke 
overnight. Each nonsmokers was asked to simulate tobacco smok- 
ing by sucking air through a sham cigarette. Two presham and two 
postsham H reflex recovery cycles were determined for each non- 
smoker. 

Each tobacco subject, approximately 12 h after the last tobacco 
cigarette smoked, was asked to smoke three different non filtered 
cigarettes on different days in the laboratory. The cigarettes con- 
tained: 1) no (0 mg), low (0.27 rag), or high nicotine (2.16 mg). Each 
tobacco smoker smoked the cigarettes at his or her normal method 
of inhalation and duratiofl of 5-8 min. ~ v o  presmoking and two 
postsmoking H reflex recovery cycles were determined for each sub- 
ject. Blood samples were drawn into heparinized tubes after the 
H reflex recovery cycle was determined before and after tobacco 
smoking. The blood was centrifuged and the plasma removed and 
frozen until assay. 

HPLC assay of nicotine and cotinine 

Plasma nicotine and cotinine were determined simultaneously using 
the high performance liquid chromatography (HPLC) assay of Hari- 
haran et al. [10]. The samples were vortexed for 3 s and centrifuged 
for 5 rain at 1,661.3 g. The plasma was placed into clean Teflon 
tubes and frozen at -20°C,  After  thawing, 50 gl of the internal 
standard, N-ethyl nicotine, was added to each i ml aliquot of sample. 
In order to remove plasma proteins, 1.5 ml of a 10 % trichloracetic 
acid (TCA) solution was added to each sample. The samples were 
vortexed for 3 s immediately after adding the TCA solution to en- 
sure that no nicotine or cotinine remained in the precipitated pro- 
tein. The samples were then centrifuged for 30 min at 461,432.2 g 
and the aqueous layer decanted into clean Teflon tubes. 

In order to remove aqueous acid impurities, 300 gl of 12.5 M 
K O H  was added to each sample. Nicotine and cotinine were then ex- 
tracted with 5500 Ixl of methylene chloride by shaking the samples 
for 30 rain. The samples were then centrifuged for 5 min at 1,661.3 g. 
The aqueous K O H  layer was aspirated off and 3 ml of 0.5 M HC1 was 
added to each tube. After  shaking the samples for 10 min and then 
centrifuging for 5 min at 1,661.3 g, the methylene chloride layer was 
removed. An additional 300 gl of 12.5 M KOH and 5,000 gl of 
methylene chloride were added and the samples shaken for 10 min 
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Fig.2. The mean recovery cycle of the Hoffmann reflex of ten non- 
smokers does not change after sham smoking. - - [ ~ - -  Pre; - - ! N -  
post 

and centrifuged for 5 min at 1,661.3 g. The aqueous KOH layer was 
removed and 200 gl of 0.025 M HCI washed in methylene chloride 
was added to each sample. The samples were evaporated using N 2 
gas and a warm water bath until only the nicotine and cotinine salts 
remained. An excess of citric acid was added to a final pH of 4.5. The 
reconstituted samples were vortexed for one min and centrifuged for 
an additional one rain at 1,661.3 g. The samples, along with a H20 
blank and three standards, were loaded into the autoinjector. The 
HPLC unit consisted of a pump (Model 655A, Hitachi), a detector 
(Model 655-A23, Hitachi), and a flow cell with a path length of 
5 mm. A dual channel integrator (Model D-200, Hitachi) was used. 
The flow rate was held at 1.5 ml. min - 1. The detector was set at a 
wave length of 256 nm. The resulting nicotine and cotinine peaks 
were then compared with the standards and the internal standard 
peaks. 

Results 

Reproducibility of  the mean recovery cycle of  the H reflex 
in tobacco smokers before smoking 

O n  t h r e e  d i f f e r e n t  o c c a s i o n s  t h e  s a m e  10 t o b a c c o  s m o k e r s  
w e r e  a s k e d  to  s top  s m o k i n g  o v e r n i g h t  ( a p p r o x i m a t e l y  
12 h o f  w i t h d r a w a l )  a n d  to  c o m e  to  t h e  l a b o r a t o r y  in t h e  
m o r n i n g .  T h e i r  H r e f l e x  r e c o v e r y  cyc le  was  o b t a i n e d  
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Fig. 3. Mean recovery cycle of the Hoffmann reflex in nonsmokers 
and tobacco smokers before smoking in the A. M. The overall mean 
data of Fig. 1 for the tobacco smokers are compared to the non- 
smokers before tobacco or sham smoking. The three phases of the 
H reflex recovery cycle using the terminology of Hugon et al. [22] are 
labelled as III, IV  and V. - - D - -  Nonsmokers; - - i ~ -  smokers 
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Fig. 4. Correlation coefficient of plasma nicotine and the ratio of the 
H2/H1 amplitude in tobacco smokers at 160 ms. Note that in spite of 
the marked variability there is a negative correlation (r =-0.346) 
which is statistically significant (P = 0,023; y = 0.829 - 0.281x). Each 
dot in this and the subsequent figure represents one experimental 
value from one subject studied on one day 
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Fig.& Correlation coefficient of plasma cotinine and the ratio of the 
H2/H1 amplitude in tobacco smokers at 160 ms, Again, in spite of 
the variability, there is a negative correlation (r = -0.43) which is sta- 
tistically significant (P = 0.004; y = 0.665-1.02e-3x) 
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twice before smoking. The data were averaged for all 
10 smokers and plotted, as illustrated in Fig. 1. The same 
group of subjects were given on different days each week 
a nicotine free, a low, and a high nicotine cigarette to 
smoke after obtaining control before smoking recovery 
cycles for the H reflex. It can be seen that over a period of 
several weeks the mean recovery cycle for each of three 
different days is very similar. The standard errors usually 
overlapped. 

Mean recovery cycle of  the H reflex in nonsmokers before 
and after sham smoking 

Ten nonsmokers were asked to come to the laboratory 
once and sham smoke by puffing on a straw filled with cot- 
ton to mimic a tobacco smoker. The mean H reflex re- 
covery cycle before and after sham smoking did not 
change, as illustrated in Fig. 2. The S.E. completely over- 
lapped and there were no statistically significant differ- 
ences at any of the time intervals. 

Comparison of  the mean recovery cycle of  the H reflex in 
nonsmokers and tobacco smokers before smoking in the 
morning 

The mean H reflex recovery cycle of 10 nonsmokers and 
10 tobacco smokers is illustrated in Fig.3. Although to- 
bacco smokers at most intervals had a lower mean am- 
plitude of the H2/H1 response compared to the non- 
smokers, the S.E. usually overlapped and hence the dif- 
ferences were not statistically significant. A trend anal- 
ysis indicated that 13 out of 15 times the mean amplitude 
of the H2/H1 response was slightly greater in the non- 
smokers. 

Effects' of  tobacco smoking on the recovery cycle of  the 
H reflex and its relationship to plasma nicotine and 
cotinine levels in tobacco smokers 

As reported previously for tobacco smokers [8], smoking 
a nicotine free cigarette had no effect on the H2/HI re- 
sponse. After smoking a high nicotine containing ciga- 
rette, there was a reduction of the H2/H1 response. This 
was not a dramatic effect in all tobacco smokers. Some 
subjects only showed a slight tendency for reduction. 
Nevertheless, the mean data of all 10 smokers showed a 
decrease in the amplitude of the H reflex recovery cycle 
(see Fig. 3). Of interest is the fact that the early portion 
(phase III), the midportion of maximum recovery of 
H2/H1 (phase IV), and the late inhibition (phase V) of the 
recovery cycle was depressed (see Fig. 3). Smoking a low 
nicotine cigarette had much less of an effect on the re- 
covery cycle of the H reflex. A correlation coefficient be- 
tween the amplitude of the H2/H1 reflex and plasma nico- 
tine and cotinine levels and tobacco smoking of all three 
different cigarettes was determined. The data are illus- 
trated in graph form in Figs. 4 and 5. The number of data 
points shown vary and, in some cases, overlap. 
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Fig.6, Correlation of increase in plasma nicotine and prolongation 
of initial phase IlI  H2/H1 recovery in tobacco smokers post-pre 
smoking. The data of 10 tobacco smokers smoking high and low 
nicotine cigarettes are plotted. Thirteen of the 20 possible data 
points that had a change in plasma nicotine were used in this analysis, 
r = 0.777, P = 0.006, y = 2.88 + 0.902x 

There is a negative correlation between the ratio of the 
H2/H1 recovery cycle at 160 ms and plasma nicotine 
levels. When plasma nicotine levels were plotted logarith- 
mically on the x axis and the ratio of the H2/H1 reflex 
plotted arithmetically on the y axis a linear relationship 
was observed with a correlation coefficient r = 0.346, 
P value = 0.023. The data are presented in graph form in 
Fig. 4. There was also a significant relationship between 
the plasma level of cotinine with respect to the recovery 
cycle of the Hoffmann reflex at 160 ms. When plasma co- 
tinine levels were plotted arithmetically on the x axis and 
the H2/H1 ratio on the y axis the correlation coefficient 
was r = 0.43, P value = 0.0036. These data are presented in 
graph form in Fig. 5. Although both arithmetic and loga- 
rithmic plots were made for both plasma nicotine and 
plasma cotinine, the significant correlations obtained 
were the logarithm of plasma nicotine and the arithmetic 
value of plasma cotinine. Perhaps these differences are re- 
lated to the differing plasma half lives of each compound. 

Correlation between the prolongation of phase 111 
depression of the H reflex and the change in plasma 
nicotine after tobacco smoking 

The latency to onset of the first observable H2/H1 re- 
sponse was correlated with the change ( A )  in nicotine 
plasma levels (after minus before smoking) in the tobacco 
smokers after they smoked either high or low nicotine 
containing cigarettes. The data obtained are plotted in 
Fig.6. There was a highly significant correlation 
(r = 0.777, P = 0.006) between these two variables in to- 
bacco smokers. 

Discussion 

The data obtained support and extend previous findings 
on the effects of tobacco smoking and 0.8-1 mg i.v. nico- 
tine on the H reflex recovery cycle [7, 8]. In the present 
study, there was no significant correlation between plas- 
ma levels of nicotine pre and post smoking one cigarette 
vs the plasma cotinine levels pre and post in the tobacco 
smokers. This would be expected because Benowitz et al. 
[11] and Fayerabend et al. [12] have shown that nicotine 
blood levels have a log linear decline of with a terminal 
half life of about 2 h. In contrast, the mean terminal half 
life of cotinine is 18 h with a range of 11-37 h [13]. One 
would not expect any correlation between nicotine levels 
taken with a short half life compared to the very long half 
life of cotinine since multiple tobacco cigarettes contain- 
ing nicotine were smoked over many hours the day pre- 
viously. 

Cotinine is a relatively inactive metabolite of nicotine. 
There are no data on the direct effects of cotinine on the 
H reflex. However, cotinine does have pharmacologic ef- 
fects. Yamamoto and Domino [14] reported that doses of 
cotinine equal to 10 ~tg. kg- 1 of nicotine had no effect on 
E E G  or behavior of deeply sleeping cats. However, when 
a thousand times larger dose of cotinine (10 mg. kg- 1 i. v.) 
was given, the animals showed transient E E G  activation 
and behavioral arousal. The latter dose of cotinine had no 
effect on blood pressure. On the other hand, supramassive 
doses of cotinine in the order of 25 mg. kg- ~ i. v. produced 
a slight fall in blood pressure. These doses of cotinine also 
produce brief episodes of E E G  activation and arousal 
[14]. In view of the fact that cotinine has 1/1000 or less the 
potency of nicotine in altering the E E G  or arterial blood 
pressure, it is probable that cotinine itself does not have 
any significant pharmacological effect in suppressing the 
recovery cycle of the Hoffmann cycle. It is unlikely that 
there is a dissociation between the dose of cotinine that 
acts on the Renshaw inhibitory system in the spinal cord vs 
the dose of cotinine that causes E E G  and behavioral arou- 
sal and cardiovascular effects. Thus, we are left with the 
dilemma why there should be a statistically significant re- 
lationship between plasma cotinine levels and the re- 
covery of the Hoffmann reflex. Perhaps cotinine simply is 
reflecting the fact that tobacco smokers who had inhaled 
nicotine in tobacco smoke the day previously still had 
enough nicotine in their body to produce a reduction in 
the Hoffmann reflex recovery cycle or that cotinine does 
have pharmacological actions in its own right. Multire- 
gression analysis would be a valuable technique to pursue 
this issue further. 

The H reflex recovery cycle is a measure of the excita- 
bility of the alpha-motoneuron pool in the spinal cord 
which mediates the ankle jerk. This excitability is con- 
trolled by peripheral, segmental and central mechanisms 
of the nervous system. Peripheral afferents have very im- 
portant effects on the recovery cycle of the H reflex 
which can be altered by topical local anesthetics applied 
to the skin [15]. Whether the effects of inhaled nicotine 
are directly on the spinal cord or inputs from peripheral 
sites is a subject of future study. There is no question that 
nicotine itself directly stimulates Renshaw inhibitory 
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neurons in the spinal cord [16-19]. Ginzel [20-21] has 
provided evidence that nicotine also excites a variety 
of peripheral sites including a large variety of peri- 
pheral chemoreceptors as well as sensory receptors in- 
cluding the muscle spindle. These additional inputs 
could stimulate Renshaw inhibitory neurons and thus 
may indirectly act to suppress the recovery cycle of the 
H reflex. 

As illustrated in Fig. 3, there are several phases of in- 
hibition as well as excitation of the H reflex. There  is an 
early inhibition (phase III) followed by a late facilitation 
(phase IV) and a subsequent late inhibition (phase V) 
using the terminology of Hugon et al. [22]. Phase III in- 
hibition was prolonged in the tobacco smokers. Its pro- 
longation correlated with plasma & nicotine. The electri- 
cal stimulus was purposely adjusted to be liminal for M 
responses and supraliminal for H responses via group IA 
afferents. Such a stimulus is also supraliminal for IB 
fibers which have central inhibitory effects on homony- 
mous motor  neurons. The H1 response results in a soleus 
muscle twitch that stretches the muscle and causes the 
muscle spindles to fire transiently and send an afferent 
volley onto alpha-motor neurons, again via group IA. 
Shortly after the muscle twitch, group IB afferents from 
the tendon organs send inhibitory inputs via Renshaw 
cells onto alpha-motor neurons. These alterations in af- 
ferent volleys induce a central excitatory-inhibitory ef- 
fect and cause phase IV and V changes in the recovery 
cycle as described by Bouaziz et al. [23]. Such an input is 
thought to induce sustained presynaptic inhibition as a 
possible mechanism for the late phase V inhibition. 
There  is data, at least in the monkey, that bicuculine re- 
duces the late inhibitory response and oxyaminoacetic 
acid increases it. It has been shown by Curtis and Ryall 
[18] and Ryall [19] that recurrent  Renshaw interneurons 
represent an early discharge of cholinergic nicotinic cells 
while their long lasting slow discharge is a muscarinic 
cholinergic phenomenon.  Atropine in a dose of 
3 rag. kg-1 i.v. in monkeys suppresses the late inhibition 
(V) without significantly changing the early inhibition 
(III). On the basis of the effects of atropine on muscarinic 
synapses, Hugon [9] concluded that Renshaw cell activity 
has a role in the development  of late inhibition. In the 
monkey, Bouaziz and Hugon (quoted by Hugon [9]) have 
shown that dihydro-beta-erythroidine, a nicotinic cho- 
linergic antagonist, suppresses the major part of early in- 
hibition except the very beginning (phases I and II) 
which apparently is caused by 1B inhibitory afferents. 
The role of nicotinic cholinergic recurrent  inhibition in 
early inhibition is generally accepted. Our data that 
higher plasma concentrations of nicotine in the tobacco 
smokers prolonged phase III inhibition are consistent 
with such a role. Surprisingly, even the late inhibition 
(phase V) was depressed in tobacco smokers inasmuch as 
this component  is thought to be mediated by a muscarinic 
cholinergic component.  Perhaps nicotine that is inhaled 
and enters the circulation releases endogenous ace- 
tylcholine from neurons in the spinal cord which may act 
through a muscarinic mechanism. Acetylcholine is re- 
leased by nicotine in the cerebral cortex [24] so such a 
mechanism in the spinal cord is certainly plausible. 

The present research confirms the fact that humans 
who smoke tobacco have skeletal muscle relaxant ef- 
fects. This has been known for many years and 
has been described in many textbooks of pharmacolo- 
gy. The present research shows the correlation of 
the H reflex recovery cycle with plasma nicotine and 
cotinine levels. Webster [25] reported that tobacco 
smoking reduced spasticity in a patient with progres- 
sive familial spastic paraplegia as measured quantita- 
tively using passive motion resistance. It would be of 
interest to do additional studies with nicotine gum and 
patches to determine whether there is any significant 
tachyphylaxis or tolerance with continued nicotine ad- 
ministration. 
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