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Abstract
Effect of intraperitoneally (i.p.) injected sub-anesthetic (8×10-5-8×10-2 mg/g) and anesthetic (0.1 mg/g) doses of 

ketamine on rats’ pain sensitivity and tissue hydration were studied. Determination of water content of tissue was 
performed by Adrian’s traditional “tissue drying” experimental procedure. The number of functionally active receptors 
were determined by counting the number of [3H]-ouabain molecules in tissues. Latent period of pain sensitivity was 
defined by means of hot plate test. Ketamine in sub-anesthetic doses had depressing effect on rats’ latent period of 
pain sensitivity which was accompanied by tissues’ dehydration. [3H]-ouabain influence on brain tissues hydration 
was characterized by dose dependent three phases and this fact was accompanied by corresponding changes of 
ouabain receptors number in cell membrane. Ketamine in anesthetic dose had reversing effect on ouabain – induced 
cell hydration and it was different for each brain tissue. It was suggested that ketamine – induced cell dehydration 
leading to decrease of number of functional active proteins in membrane serves as a powerful mechanism through 
which an analgesic and anesthetic effects of ketamine on organisms were realized. 

Cell Dehydration as a Mechanism of Ketamine Analgesic and Anesthetic 
Effects
Sinerik Ayrapetyan*, Armenuhi Heqimyan and Anush Deghoyan
Life Sciences International Postgraduate Educational Center, 31 Acharyan St. 0040 Yerevan, Armenia

Keywords: Rat; ketamine; [3H]-ouabain receptor; Pain sensitivity;
Cell hydration 

Introduction
It is assumed that ketamine administration causes “dissociative 

anesthetic state” characterized by profound analgesic, moderate 
hypnotic properties and by marked sympathomimetic reactions.

Its pharmacological profile cannot be explained by a single 
mechanism. Analgesic, anesthetic and sympathomimetic effects are 
mediated by different sides of action. It is suggested that N-methyl-
D-aspartate (NMDA)-receptor antagonism accounts for most of the
amnestic, analgesic, psychotomimetic and neuroprotective effects
of ketamine [1,2]. Ketamine blocks an NMDA receptor-mediated
component of synaptic transmission in a voltage-dependent manner
[3-7].

 The ketamine depressing effect on variety of receptors is well 
established: nicotinic [8,9], muscarinic [10] and opioid ones [10-12], 
as well as on voltage sensitive Na+ [9,13], K+ [13-15] and Ca2+ channels 
[16] of nerve cell membrane in peripheral and central nervous system.
At present it is known that ketamine influence is not limited only by
nervous system but it has also relaxing effect on smooth and heart
muscles [17-20] and other tissues [21]. However, the nature of cellular
mechanism underlying in the ground of above mentioned multisided
effects of ketamine on different tissues is not clear yet.

Earlier on the basis of experimental data performed in vitro on snail 
single neurons the correlation between the number of functionally 
active membrane receptors having channel [22], receptor [23], enzyme 
functions [24] and active cell membrane surface was established. 
According to these data cell swelling leads to the activation, while 
shrinkage to the inhibition of neurons’ functional activity. Therefore, 
the metabolic control of cell volume-induced changes of membrane 
functional activity was suggested as an essential mechanism through 
which the regulation of neuronal ionic function is realized [25].

It is known that there are a number of non-conductive membrane 
mechanisms responsible for cell volume regulation such as Na+/
K+ pump, Na+/Ca++, Na+/H+ exchangers, changes of cytoskeleton 
contractility and membrane fluidity and others [26]. Previously in vitro 

experiments (on snail neurons and women breast tissue) ketamine 
stimulating effect on Na+/K+ pump and Na+/Ca++ exchanger has been 
shown which brings to cell dehydration [27-29].

Therefore, the working hypothesis for present work was to clarify 
whether the ketamine- induced cell volume change has a crucial role in 
realization of analgesic and anesthetic effects as well as its multisided 
effect on different organs. For this purpose the dose-dependent effect of 
ketamine on rats’ pain sensitivity, hydration of different organs’ tissues 
and the number of [3H]-ouabain receptors were studied.

Materials and Methods
All procedures performed on animals were carried out following 

the protocols approved by Animal Care and Use Committee of Life 
Sciences Postgraduate International Educational Center.

Animals

All experiments were performed on 180 adult male albino rats 
weighing from 100 g to 130 g. Animals were kept in a specific pathogen-
free animal room, under optimum conditions of 12 hours light/dark 
cycle and 22 ± 2°C temperature, received sterilized commercial diet 
and water ad libitum. Data were received from three independent 
experiments.

For control group 5 animals were taken and injected intraperitoneally 
(i.p.) by 0.5 ml of physiological saline (PS). Five animal groups (5 rats 
in each) were used for each ketamine concentration injected by the 
same manner. 
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Chemicals

Physiological solution (PS) with NaCl-137; KCl-5.4; CaCl2-1.8; 
MgCl2-1.05; C6H12O6-5; NaHCO3-11.9; NaH2PO4-0.42 in mM (Sigma 
Chemicals, Steinhein, Germany) and pH-7.4 was used in all experiments. 
The stock solution of ketamine containing 500 mg ketamine solved in 
10 ml of PS was used (Gedeon Richter, Budapest, Hungary). Ketamine 
anesthetic (0.125 mg/g) and subanesthetic (8×10-5- 8×10-2 mg/g) doses 
were injected intraperitoneally (i.p.). The [3H]-ouabain (PerkinElmer, 
Massachusetts, USA) with 10-11-10-4 M concentrations were taken 
as a marker for definition of tissue volume changes and injected i.p. 
According to animal’s body weight (0.02 ml/g).

Tissue preparation

Tissues of different organs (lungs, heart, spleen, liver, kidney, 
muscle and brain) were investigated on 75 animals of control and 
experimental groups (at ketamine different doses). For definition the 
tissue water content and the number of ouabain receptors (ten pieces 
from each organ tissue, weighing from 50 to 60 mg) were taken from 
each rat. From cortex and subcortex tissues of brain eight pieces were 
taken while from cerebellum tissue only four pieces for every case.

Definition of tissues water content

After 15 min of PS, ketamine and [3H]-ouabain injections animals 
were sharply immobilized by dipping their noses into liquid nitrogen 
for 3-4 sec [30] and were decapitated. After such procedure the full 
absence of somatic reflexes on extra stimuli was recorded. 

Determination of water content of tissue was performed by 
traditional “tissue drying” method [Adrian 31]. After measuring 
the tissue wet weight (w.w.) it was dried in thermostat (Factory of 
Medical Equipment, Odessa, Ukraine) during 24 hours at 105°C for 
determination of dry weight (d. w.). The quantity of water in 1 g of 
d.w. of tissue was counted by the following equation: (w.w. – d.w.) / 
d.w. [31].

Counting the number of ouabain receptors in cell membrane

For definition of membrane active receptors’ number 15 animals 
injected with [3H]-ouabain (3 animals for each [3H]-ouabain dose) 
were taken for control group and 15 animals (3 animals for each [3H]-
ouabain dose and sequential ketamine anesthetic dose injections) for 
experimental one. Animals of control group were decapitated 30 min 
after corresponding [3H]-ouabain injection. Animals of experimental 
group 15 min after [3H]-ouabain corresponding dose injection 
received ketamine anesthetic dose and were decapitated 15 min after. 
The stock of [3H]-ouabain solution contains 10-9M concentration (12 
Ci/mM specific activities). The solutions with [3H]-ouabain higher 
concentrations (10-8-10-4M) were prepared by adding corresponding 
concentration of cold (non-labeled) ouabain. 

Brain tissues’ samples were placed in special vials and homogenized 
with HNO3. Finally, 5 ml of Bray’s scintillation fluid was added and 
the mixture was counted in Wallac-1450 liquid scintillation counter 
(PerkinElmer, Finland). After this procedure the amount of scintillate 
isotopes counted per minute was received and correspondingly 
calculated as the number of ouabain receptors.

Determination of pain sensitivity latent period

This test was carried out using the specific setup developed in our 
laboratory. It consists of org-glass chamber with the brass bottom. 
The bottom temperature (51°C) was controlled by the thermometer 

(accuracy of measurement 0.01°C). Brass bottom was completely 
covered by the Plexiglas box keeping the temperature constant.

Latent period of pain sensitivity was recorded 15 min after PS or 
ketamine subanesthetic doses injections. This procedure was made 
consequently, every time only on one animal. Rats were placed 
individually on brass bottom and latent period of pain sensitivity was 
recorded as the time elapsed to obtain one of the following responses: 
licking the feet, jumping or rapidly stamping the feet. The tissue 
damage prevention was near 10 sec. Decapitation was made just after 
the measurement of latent period. Statistic significance was defined 
between data of control and experimental groups.

Statistical analysis

The Microsoft Excel and Sigma-Plot (Version 8.02A) were used for 
data analysis. For all statistical tests (with Student’s t-test) P value of 
0.05 or less was taken (*P < 0.05, **P < 0.01, ***P < 0.001).

Results
In the first part of experiments the effect of PS and ketamine 

subanesthetic doses on latent period of pain sensitivity was investigated. 
After this procedure animals were decapitated and water content in 
various organs was measured. In figure 1 the bars indicate the value 
of latent period of pain sensitivity in five groups of animals. After i.p. 
ketamine injections the increase of latent period of pain sensitivity 
more than three times (8×10-4-8×10-2 mg/g) was shown and it’s 
threshold concentration was 8×10-5 mg/g.

Recently in our experiments the close correlation between brain 
tissue hydration and pain sensitivity has been demonstrated [32]. 
In previous groups of animals after determination of latent period 
water content in rats’ tissues was examined. Ketamine was taken i.p. 
in subanesthetic (8×10-4-8×10-2 mg/g) and anesthetic (0.125 mg/g) 
doses. In figure 2 dose-dependent effect of ketamine on water content 
of brain tissues is shown. As can be seen from figure the curve of 
ketamine dose-dependent effect on cortex tissue hydration is different 
from those of subcortex and cerebellum. Ketamine at following 
concentrations (8×10-4- 8×10-3 mg/g) has no significant effect on all 
brain tissues hydration, while at 8×10-2 mg/g it has strong dehydration 
effect (decrease of water content) on all types of tissues. Ketamine at 

Figure 1: The value of latent period of pain sensitivity in five groups of 
animals.
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concentration of 0.125 mg/g (which had anesthetic effect on rats) 
shows overhydration effect (increase in water content) on cortex 
tissue (Figure 2a) and dehydration effect on subcortex and cerebellum 
tissues (Figures 2b and 2c). The fact that ketamine at anesthetic dose 
brings to the overhydration of cortex tissue corresponds to the data 
where the exciting effect of ketamine on brain cortex is explained by its 
stimulation of some groups of glutamate receptors [33].

The study of the dose-dependent effect of ketamine was also carried 
out on tissues of other organs (lung, heart, spleen, liver, kidney and 
muscle) to find out whether observed tissue hydration conditioned by 
ketamine is a general property or it is only specific for brain tissues. 
In figure 3 changes of tissues’ ketamine-dependent water content at 
different doses are shown. As can be seen from figure at the smallest dose 
(8×10-4 mg/g) of ketamine there is an overhydration effect in all tissues 
except the spleen tissue (small, no significant dehydration effect). At 
ketamine 8×10-3 mg/g dose in all investigated tissues dehydration effect 
was observed but in muscle tissue significant overhydration effect was 
revealed. The dehydration effect in lung, heart, spleen, kidney tissues 
were also found at higher doses of ketamine (8×10-2 mg/g i.p.) but in the 
case of liver and muscle tissues the opposite one (overhydration effect). 
In the last group of animals when the anesthetic dose of ketamine 
(0.125 mg/g i.p.) was injected the dehydration effect on tissues of all 
organs except liver was observed. Thus, the presented data indicate 

that ketamine has modulating effect on tissue hydration of different 
organs and its sensitivity to ketamine is different which can be probably 
explained by special mechanisms involved in cell volume regulation or 
various quantity of ketamine reaching these cells by blood flow.

Previously it has been shown that cell volume control is connected 
with Na+/K+ pump [24], cGMP-dependent [34] and cAMP-dependent 
Na+/Ca++ exchangers’ activities [35]. In these studies by means of [3H]-
ouabain (specific inhibitor of Na+/K+ ATP-ase) cell volume changes 
were defined. [3H]-ouabain binds to membrane Na+/K+ ATP-ase 
receptors. Kinetic curve of dose-dependent [3H]-ouabain binding 
with neuronal membrane functionally active proteins consisted of two 
saturated and one linear component. It turned out that only the last 
component of curve was connected with Na+/K+ pump activity [21]. 
From this point of view in the last series of experiments the possible 
mechanism of ketamine anesthetic dose (0.125 mg/g) and influence 
on dose-dependent ouabain-induced cell hydration in brain tissues 
(cortex, subcortex, cerebellum) were studied for finding out whether 
this process is accompanied by corresponding change of membrane 
functionally active proteins’ number. For this reason [3H]-ouabain was 
taken as a marker for determination of membrane functionally active 
proteins.

In figure 4 points on continuous line mean values of water content 
in brain tissues are shown and the kinetic curve of dose-dependent 
ouabain effects is formed by three ranges. For ouabain 10-9-10-8 M 
concentrations overhydration process is detected, at 10-7-10-6 M dose-
dehydration effect and at 10-4 M doses again overhydration process 
is received. These changes of water content are the same for all 
investigated tissues.

In parallel experiments carried out on the next 5 animal groups 
(n=3), where the same [3H]-ouabain concentrations were injected and 
15 min after this procedure the ketamine anesthetic dose (0.125 mg/g) 
was injected. Animals were decapitated 15 min after. The comparison 
between two kinetic curves shows the following changes in cortex tissue 
(Figure 4A). After 10-9 M of ouabain injection ketamine brings to the 
same overhydration effect. Ketamine-induced cell dehydration become 
more expressive after 10-8 and 10-7 M ouabain injections. Then, it can be 
noted that 10-6 M ouabain dehydration reverses into overhydration and 
overhydration at 10-4 M ouabain into dehydration. As for subcortex 
tissue it can be seen in figure 4B that after 10-8-10-4 M ketamine injections 
meaningful dehydration effect is observed and dotted line having same 
three ranges is quite parallel to continuous one. In cerebellum tissue 
(after 10-9 M ouabain injection) ketamine leads to overhydration effect 
more expressive than at ouabain influence (Figure 4C). At 10-8-10-7 M 
ouabain injection ketamine shows the same dehydration effect as in 
case of cortex tissue. 10-6 M ouabain dehydration effect reverses into 
overhydration one after ketamine influence and overhydration (at 10-4 

M of ouabain) to dehydration effect after ketamine injection. In table 
1 was shown that at ouabain 10-8-10-7 M there is the close correlation 
between water content and number of membrane ouabain receptors. 

Discussion
The investigation of ketamine influence on rats’ pain sensitivity 

latent period, tissue hydration and number of ouabain receptors 
showed that its subanesthetic doses (8×10-5-8×10-2 mg/g) have 
statistically significant depressing effect on rats’ pain sensitivity. The 
analgesic effect of these ketamine doses on mammals was commonly 
explained by its non-competitive inhibitory effect on NMDA receptors 
in brain [3-7]. However, ketamine effects on tissue hydration of various 

Figure 2: Dose-dependent effect of ketamine on water content of brain 
tissues.animals.

Figure 3: Changes of tissues’ ketamine-dependent water content at different 
doses.
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Figure 4: Continuous line mean values of water content in brain tissues.

The number of  [3H]-ouabain receptors x108

CORTEX

10-9 M 10-8 M 10-7 M 10-6 M 10-4 M

Control 0.62  ±  0.05 1.58 ± 0.07 2.58  ±  0.02       3.08  ± 0.19 5.51 ± 0.05

Experiment 0.69  ±  0.03 1.5 ± 0.02 2.33  ±  0.03 3.38  ± 0.15 5.52 ± 0.03

SUBCORTEX

10-9 M 10-8 M 10-7 M 10-6 M 10-4 M

Control 0.63  ±  0.03 1.63 ±  0.05 2.54  ±  0.02 3.33  ±  0.14 5.49  ± 0.04

Experiment 0.64  ±  0.04 1.48 ±  0.02 2.38  ±  0.02 3.27  ±  0.14 5.49  ± 0.04

CEREBELLUM

10-9 M 10-8 M 10-7 M 10-6 M 10-4 M

Control 0.48  ±  0.08 1.58  ±  0.08 2.65  ±  0.05 3.48  ±  0.05 5.43  ± 0.07

Experiment 0.67  ±  0.05 1.46  ±  0.03 2.44  ±  0.04 3.18  ±  0.32 5.59  ± 0.07

Table 1: Correlation between water content and number of membrane ouabain receptors.

organs (lung, heart, spleen, liver, kidney and skeletal muscle) indicated 
that its effect was connected not only with neuronal membrane 
conductive functions. This conclusion is conformed to our previous 
data of ketamine induced dehydration effect on women breast tissue 
[28].

At present it is a proven fact that metabolic control of cell volume 
is a dynamic cell parameter through which the regulation of cell 
various functions is realized [25,26,36,37]. Non-linear curves of dose-

dependent ketamine effect on tissue hydration in brain and different 
organs could be explained by multisided effects of ketamine on 
mechanisms involved in cell volume regulation.

Although there is a number of metabolic mechanisms involved in 
cell volume regulation the electrogenic ionic transporting mechanisms 
such as Na+/K+ pump and Na+/Ca++ exchanger have a crucial role in 
this process [38-40]. Earlier it was shown that ketamine has activation 
effect on electrogenic Na+/K+ pump and Na+/Ca++ exchanger activity in 
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isolated neurons of mollusc through which it causes cell dehydration 
and decrease in membrane fluidity [24,41].

In the study of dose-dependent ouabain binding with neuronal 
membrane three types of ouabain receptors was distinguished [24]. 
Among them the function of only one-dose dependent linear binding 
having low agonist affinity is connected with Na+/K+ pump inhibition, 
while the functions of two types of receptors having higher agonist 
affinity and characterized by dose-dependent saturated curves are 
connected with cGMP-dependent Na+/Ca++ and cAMP-dependent 
Na+/Ca++ exchangers’ mechanisms, correspondingly [24,34,35]. As 
these ion transporting mechanisms are electrogenic, they can modulate 
the level of cell hydration: activation of cGMP-dependent Na+/Ca++ 
exchanger and inactivation of Na+/K+ pump brings to cell swelling, 
while activation of cAMP-dependent Na+/Ca++ exchanger brings to cell 
shrinkage.

Considering the curves of dose-dependent ouabain-induced 
tissue hydration (Figure 4), three phases of ouabain- induced changes 
on tissue hydration can be clearly seen: overhydration at 10-9-10-8 M, 
dehydration at 10-7-10-6 M and overhydration at 10-4 M. The fact that the 
ketamine has reverse effects on all the three components of ouabain-
induced hydration, brings to conclusion that above mentioned ouabain 
receptors’ function which is connected with cGMP-dependent Na+/
Ca++, cAMP-dependent Na+/Ca++ exchangers and Na+/K+ pump 
activity is ketamine sensitive. This conclusion confirms the previous 
isotope study of ketamine effects on Na+/K+ pump activity and Na+/
Ca++ exchanger in snail neurons according to which ketamine has 
activation effect on Na+/Ca++ (Ca++ efflux Na+ influx) exchange and 
Na+/K+ pump activity [24].

The fact that ketamine has slight hydration effect on brain 
tissues which was accompanied by increased number of ouabain 
receptors at 10-9 M ouabain concentration (Table 1) can be explained 
by the activation of cGMP-dependent Na+/Ca++ exchanger which is 
responsible for cell hydration as it was mentioned above.

The fact that non-anesthetic dose (8×10-2 mg/g i.p.) of ketamine 
has dehydration effect on brain tissues which is accompanied by 
corresponding decrease in number of ouabain receptors at 10-8-10-7 
M ouabain concentrations (Table 1), can be explained by activation 
of cAMP-dependent Na+/Ca++ exchanger (Ca++influx and 3Na+ efflux) 
responsible for cell dehydration [34,35].

Thus, the above mentioned results and literature data about 
involvement of intracellular cyclic nucleotides in brain psychological 
processes [42] lead to the hypothesis that hallucination effect of 
ketamine is connected with its modulation effect on cyclic nucleotides 
metabolism which could serve as a subject for the future investigation.

The data of close correlation between cell hydration and the number 
of functionally active protein molecules determining the cell functional 
activity [25] and recent data on direct correlation between brain tissue 
hydration and rats pain sensitivity [32] allow to consider ketamine 
dehydration effect at sub-anesthetic doses as an essential mechanism 
responsible for its depression effect on pain sensitivity of rats. On the 
basis of the fact that ketamine anesthetic dose has only dehydration 
effect on subcortex and cerebellum tissue and overhydration effect on 
cortex tissue the suggestion can be made according to which anesthetic 
effect of ketamine is only responsible for subcortex and cerebellum 
tissues. This conclusion can not be final as it needs further investigation.

Conclusion
Obtained data allow us to confirm that analgesic effect of 

subanesthetic dose of ketamine can be explained by brain tissue 
dehydration. Dehydration effect on tissues of subcortex and cerebellum 
has essential role in realization of ketamine anesthetic effect on 
organism. Ketamine-induced cell volume changes accompanied by 
corresponding changes of number of functionally active proteins on 
cell membrane serve as one of the main non-conductive membrane 
mechanisms through which the biological effect of ketamine is realized 
and the explanation of ketamine effects only by changes of neuronal 
membrane conductive functions is not adequate.
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